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pr
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at
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e
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ra
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cl
ea
r
so
ur
ce
s
to
th
e
Gr
ea
t
La
ke
s,
no
t
ev
er
y
el
em
en
t
ha
s
ra
di
on
uc
li
de
s
th
at
wi
ll
bi
oa
cc
um
ul
at
e
an
d
af
fe
ct
bi
ot
a
of
th
e
Gr
ea
t
La
ke
s.
Th
e
Ta
sk
Fo
rc
e,
in
its
wo
rk
on
th
e
de
ve
lo
pm
en
t
of
in
ve
nt
or
ie
s
of
"a
ll
"
ra
di
on
uc
li
de
s
fo
un
d
in
th
e
Gr
ea
t
La
ke
s,
re
co
gn
iz
ed
th
e n
ee
d
to
bo
un
d
its
in
qu
ir
y.
It
ad
dr
es
se
d
on
ly
th
os
e
el
em
en
ts
wh
os
e
ra
di
on
uc
li
de
s
re
qu
ir
e
in
ve
nt
or
ie
s
fo
r
bi
ol
og
ic
al
co
mp
ar
tm
en
ts
.
Su
ch
el
em
en
ts
us
ua
ll
y
sh
ar
e
on
e
or
mo
re
of
th
e
pr
op
er
ti
es
li
st
ed
in
Te
xt
Bo
x
1.
In
re
vi
ew
in
g
th
e
2
;
ma
te
ri
al
in
Te
xt
Bo
x
1,
th
e
Ta
sk
Fo
rc
e
no
te
s
a
sp
ec
ia
l
co
nc
er
n
wi
th
re
sp
ec
t
to
th
e
ha
lf
-l
if
e
of
a
ra
di
on
uc
li
de
:
be
yo
nd
th
e
se
pa
ra
te
im
po
rt
an
ce
fo
r
st
ud
yi
ng
13l
I
(h
al
f-
li
fe
8
da
ys
),
th
e T
as
k
Fo
rc
e
ha
s
ch
os
en
to
st
ud
y
ra
di
on
uc
li
de
s
wi
th
ha
lf
-l
iv
es
gr
ea
te
r
th
an
14
da
ys
.
Th
e
Ta
sk
Fo
rc
e
wi
sh
es
to
ac
kn
ow
le
dg
e
so
me
pr
ob
le
ms
.
en
co
un
te
re
d
in
th
e
pr
ep
ar
at
io
n
of
th
is
re
po
rt
,
wh
ic
h
co
ul
d
no
t
be
re
so
lv
ed
ba
se
d
on
cu
rr
en
tl
y
av
ai
la
bl
e
da
ta
.
Th
e
Ta
sk
Fo
rc
e
ad
dr
es
se
d
in
a
li
mi
te
d
wa
y
th
e
fo
ll
ow
in
g
el
em
en
ts
:
ar
se
ni
c,
ca
dm
iu
m,
co
pp
er
,
an
d
me
rc
ur
y.
Da
ta
on
th
e
bi
oa
cc
um
ul
at
io
n
of
th
es
e
el
em
en
ts
ex
is
ts
fr
om
wh
ic
h
to
de
ve
lo
p
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s,
bu
t
ra
di
oa
ct
iv
e
is
ot
op
es
of
th
es
e
el
em
en
ts
ar
e
no
t
ma
jo
r
co
nc
er
ns
in
th
e
Gr
ea
t
La
ke
s.
Gi
ve
n
th
e
kn
ow
n
to
xi
ci
ty
of
th
es
e
el
em
en
ts
as
we
ll
as
th
e
to
xi
ci
ti
es
of
os
mi
um
,
te
ll
ur
iu
m,
an
d
th
al
li
um
,
on
e
mi
gh
t
co
ns
id
er
it
st
ra
ng
e
th
at
th
e
bi
oa
cc
um
ul
at
io
n
ta
bl
es
in
th
is
re
po
rt
do
no
t
in
cl
ud
e
ma
ny
en
tr
ie
s.
Th
e
Ta
sk
Fo
rc
e
ha
d
no
el
em
en
ta
l
da
ta
fo
r
os
mi
um
,
th
al
li
um
,
an
d
te
ll
ur
iu
m.
Ot
he
r
un
us
ua
l
el
em
en
ts
ar
e
ta
nt
al
um
an
d
an
ti
mo
ny
.
Ta
nt
al
um
ha
s
no
t
be
en
do
cu
me
nt
ed
as
pr
es
en
t
in
aq
ua
ti
c
bi
ot
a.
An
ti
mo
ny
is
to
xi
c
to
aq
ua
ti
c
or
ga
ni
sm
s,
an
d
it
s
ra
di
on
uc
li
de
s
ar
e
lc
no
wn
ﬁs
si
on
pr
od
uc
ts
,
wh
ic
h
ha
ve
be
en
de
te
ct
ed
in
th
e
Gr
ea
t
La
ke
s,
bu
t
an
ti
mo
ny
's
pr
es
en
ce
is
fr
es
hw
at
er
aq
ua
ti
c
or
ga
ni
sm
s
ha
s
on
ly
ve
ry
ra
re
ly
be
en
do
cu
me
nt
ed
.
Ta
bl
e
1
li
st
s
el
em
en
ts
th
at
we
re
co
ns
id
er
ed
in
th
is
wo
rk
.
 
TEXT BOX 1
PR
OP
ER
TI
ES
OF
RA
DI
ON
UC
LI
DE
S
TH
AT
W
O
U
L
D
DI
MI
NI
SH
TH
E
NE
ED
TO
ES
TI
MA
TE
BI
OA
CC
UM
UL
AT
IO
N
AN
D
BI
OM
AG
NI
FI
CA
TI
ON
PA
RA
ME
TE
RS
SH
OR
T—
LI
VE
D
RA
DI
ON
UC
LI
DE
WI
TH
HA
LF
-L
IF
E
OF
LE
SS
TH
AN
ON
E
(1
) W
EE
K.
Th
e
mo
ni
to
ri
ng
of
mo
st
ra
di
oa
ct
iv
e r
el
ea
se
s
tr
ac
ks
ra
di
on
uc
li
de
s w
it
h
ha
lf
-l
iv
es
of
at
lea
st
ei
gh
t
(8
) d
ay
s,
ma
in
ly
be
ca
us
e o
ft
hi
s
is
th
e
hal
f-l
ife
of
"II
, a
ra
di
on
uc
li
de
of
gr
ea
t
im
po
rt
an
ce
in
he
al
th
co
ns
id
er
at
io
ns
of
hu
ma
ns
.
Th
os
e
ra
di
on
uc
li
de
s
wi
th
hal
f-
li
ve
s
les
s
th
an
ei
gh
t (
8)
da
ys
do
no
t
re
ta
in
th
ei
r o
ri
gi
na
l
nu
cl
ea
r
id
en
ti
ty
lo
ng
en
ou
gh
to
cy
cl
e
th
ro
ug
h
bi
ol
og
ic
al
co
mp
ar
tm
en
ts
, e
ve
n
as
ra
di
oa
ct
iv
e v
er
si
on
s.
(D
GE
NE
RA
TI
ON
O
R
PR
OD
UC
TI
ON
OF
TH
E
RA
DI
ON
UC
LI
DE
OC
CU
RS
UN
DE
R
CO
ND
IT
IO
NS
TH
AT
AR
E
UN
RE
LA
TE
D
TO
NU
CL
EA
R
IN
PU
TS
TO
TH
E
GR
EA
T
LA
KE
S.
Fo
r
ex
am
pl
e,
so
me
ra
di
on
uc
li
de
s o
nl
y
ari
se
in
nu
cl
ea
r
re
ac
to
r e
xp
er
im
en
ts
or
la
bo
ra
to
ry
si
tu
at
io
ns
wi
th
ou
t
en
vi
ro
nm
en
ta
l
di
sc
ha
rg
e,
wh
il
e o
th
er
nu
cl
id
es
oc
cu
r
on
ly
in
"s
ea
le
d
so
ur
ce
s"
an
d
ar
e n
ot
re
le
as
ed
to
th
e G
re
at
La
ke
s.
(2)
(3
)
TH
E
NU
CL
ID
E
IS
PR
OD
UC
ED
CO
SM
OG
EN
IC
AL
LY
,
AN
D
IT
S
BI
OL
OG
IC
AL
IN
VE
NT
OR
IE
S
W
E
R
E
PR
EV
IO
US
LY
AD
DR
ES
SE
D
IN
TH
E
IN
VE
NT
OR
Y
RE
PO
RT
.
M
O
S
T
OF
TH
E
NU
CL
ID
ES
OF
AN
EL
EM
EN
T
AR
E
ST
AB
LE
AN
D
TH
E
EN
D
PR
OD
UC
TS
OF
A
SE
LE
CT
IV
E
DE
CA
Y
CH
AI
N.
He
re
in
ve
nt
or
ie
s
wo
ul
d
ex
am
in
e
no
nr
ad
io
ac
ti
ve
si
tu
at
io
ns
ma
in
ly
ra
th
er
th
an
ra
di
oa
ct
iv
e
sit
uat
ion
s.
Ge
oc
he
mi
st
s
an
d
ot
he
rs
ma
y
ha
ve
us
e
of
th
es
e
st
ab
le
nu
cl
id
es
for
re
fe
re
nc
e p
ur
po
se
s
or
to
as
si
st
in
de
ve
lo
pi
ng
th
e i
nv
en
to
ri
es
fo
r t
he
ra
di
on
uc
li
de
s o
f o
th
er
el
em
en
ts
.
In
th
os
e c
as
es
,
th
e e
le
me
nt
is
di
sc
us
se
d,
(4)
but no inventory is presented.
(5
)
TH
ER
E
IS
IN
AD
EQ
UA
TE
EV
ID
EN
CE
OF
TH
E
NU
CL
ID
E’
S
BI
OL
OG
IC
AL
UP
TA
KE
.
TH
E
LI
MI
TE
D
IN
FO
RM
AT
IO
N
ON
TH
E
BI
OL
OG
IC
AL
CY
CL
IN
G
OF
AN
EL
EM
EN
T
DO
ES
NO
T
(6)
SU
PP
OR
T
ES
TI
MA
TE
S
OF
IT
S
BI
OA
CC
UM
UL
AT
IO
N
FA
CT
OR
S.
 
 TABLE 1
CL
AS
SI
FI
CA
TI
ON
OF
E
L
E
M
E
N
T
S
F
O
R
RE
QU
IR
IN
G
ES
TI
MA
TE
S
O
F
B
I
O
A
C
C
U
M
U
L
A
T
I
O
N
A
N
D
B
I
O
M
A
G
N
I
F
I
C
A
T
I
O
N
P
A
R
A
M
E
T
E
R
S
F
O
R
BI
OT
A
OF
T
H
E
G
R
E
A
T
L
A
K
E
S
l
El
em
en
ts
wh
os
e
ra
di
on
uc
li
de
s
do
N
O
T
re
qu
ir
e
es
ti
ma
te
s
of
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
pa
ra
me
te
rs
fo
r
bi
ot
a
of
th
e
Gr
ea
t
La
ke
s:
Ar
se
ni
c
Bi
sm
ut
h
Ca
dm
iu
m
Co
pp
er
Fl
uo
ri
ne
Ga
ll
iu
m
Ge
rm
an
iu
m
Go
ld
Ha
fn
iu
m
In
di
um
Ir
id
iu
m
Me
rc
ur
y
Os
mi
um
Ox
yg
en
Pa
ll
ad
iu
m
Pl
at
in
um
Rh
en
iu
m
Rh
od
iu
m
Sc
an
di
um
Ta
nt
al
um
Te
ll
ur
iu
m
Th
al
li
um
Tu
ng
st
en
ll
El
em
en
ts
wh
os
e
ra
di
on
uc
li
de
s
do
N
O
T
re
qu
ir
e
es
ti
ma
te
s
of
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
pa
ra
me
te
rs
fo
r
bi
ot
a
of
th
e
Gr
ea
t
La
ke
s
bu
t
fo
r
wh
ic
h
an
al
ys
es
ma
y
be
ne
ed
ed
in
de
ve
lo
pi
ng
an
d
di
sc
us
si
ng
th
e
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
pr
oc
es
se
s
of
ot
he
r
el
em
en
ts
in
Gr
ea
t
La
ke
s
bi
ot
a:
Al
um
in
um
Bo
ro
n
Br
om
in
e
Ca
lc
iu
m
Ma
gn
es
iu
m
Si
li
co
n
Ti
ta
ni
um
Se
le
ni
um
Su
lf
ur
Va
na
di
um
[1
1
El
em
en
ts
wh
os
e
ra
di
on
uc
li
de
s
ha
ve
an
as
su
me
d
pr
es
en
ce
in
bi
ol
og
ic
al
co
mp
ar
tm
en
ts
of
ZE
RO
:
An
ti
mo
ny
Ar
go
n
Ne
on
Kr
yp
to
n
Xe
no
n
 
B
I
O
A
C
C
U
M
U
L
A
T
I
O
N
A
N
D
B
I
O
M
A
G
N
I
F
I
C
A
T
I
O
N
Th
e
te
rm
s
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
re
fe
r
to
th
e
up
ta
ke
of
ch
em
ic
al
s
by
or
ga
ni
sm
s
an
d
th
ei
r
re
te
nt
io
n
in
am
ou
nt
s
th
at
m
a
y
ex
ce
ed
th
e
le
ve
ls
pr
es
en
t
in
th
e
so
ur
ce
ma
te
ri
al
s.
Bi
oa
cc
um
ul
at
io
n
is
a
mo
re
ge
ne
ra
l
te
rm
,
wi
th
bi
om
ag
m'
ﬁc
at
io
n
de
sc
ri
bi
ng
a
sp
ec
ia
l
ty
pe
of
bi
oa
cc
um
ul
at
io
n
us
ua
ll
y
as
so
ci
at
ed
wi
th
dy
na
mi
cs
of
or
ga
ni
sm
al
fo
od
we
bs
an
d
th
e
cy
cl
in
g
of
ch
em
ic
al
s
th
ro
ug
h
bi
ot
ic
as
se
mb
la
ge
s
an
d
ec
os
ys
te
ms
.
Fu
rt
he
rm
or
e.
bi
om
ag
ni
ﬁc
at
io
n
ha
s
be
en
us
ed
mo
re
of
te
n
in
di
sc
us
si
on
s
of
or
ga
ni
c
ch
em
ic
al
s
th
an
ra
di
on
uc
li
de
s.
Bi
oa
cc
um
ul
at
io
n
ca
n
be
as
se
ss
ed
di
re
ct
ly
or
in
di
re
ct
ly
.
Di
re
ct
me
as
ur
em
en
ts
qu
an
ti
fy
th
e
re
si
du
e
or
el
em
en
ta
l/
ch
em
ic
al
co
nt
en
t
of
so
me
su
bs
ta
nc
e
in
ti
ss
ue
.
fo
r
ex
am
pl
e,
an
al
yt
ic
al
de
te
rm
in
at
io
n
of
th
e
co
nt
en
t
of
40
K
in
a
ti
ss
ue
.
In
di
re
ct
me
as
ur
em
en
ts
ex
am
in
e
so
me
in
di
ca
to
r
of
bi
oa
cc
um
ul
at
io
n,
me
as
ur
e
th
e
in
di
ca
to
r,
an
d
us
e
st
at
is
ti
ca
l
co
rr
el
at
io
ns
or
ca
li
br
at
io
n
eq
ua
ti
on
s
to
re
la
te
th
e
me
as
ur
e
to
th
e
ac
cu
mu
la
te
d
ma
te
ri
al
,
fo
r
ex
am
pl
e,
me
as
ur
em
en
t
of
ch
lo
ro
ph
yl
l
a
in
al
ga
e
as
a
su
rr
og
at
e
fo
r
pr
od
uc
ti
vi
ty
or
bi
om
as
s
pr
od
uc
ti
on
.
It
is
so
me
ti
me
s
po
ss
ib
le
to
us
e
ma
th
em
at
ic
al
mo
de
ls
an
d
si
mu
la
ti
on
s
to
pr
ed
ic
t
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n.
Th
e
si
mu
la
ti
on
mo
de
ls
em
ph
as
iz
e
th
e
cy
cl
in
g
of
ch
em
ic
al
s
th
ro
ug
h
bi
ot
ic
as
se
mb
la
ge
s
(c
om
mu
ni
ti
es
,
tr
op
hi
c
le
ve
ls
)
an
d
ec
os
ys
te
ms
in
so
me
wh
at
ge
ne
ra
li
ze
d
fo
rm
,
us
ua
ll
y
as
si
mp
li
ﬁe
d
fo
od
we
bs
or
energy flow systems.
Si
mu
la
ti
on
te
ch
ni
qu
es
us
ua
ll
y
wo
rk
be
tt
er
wi
th
or
ga
ni
c
ch
em
ic
al
s
th
an
wi
th
ra
di
on
uc
li
de
s
de
sp
it
e
th
e
fa
ct
th
at
so
me
si
mu
la
ti
on
s
we
re
or
ig
in
al
ly
de
ve
lo
pe
d
fo
r
ra
di
on
uc
li
de
s.
Th
e
su
cc
es
s
of
th
e
si
mu
la
ti
on
te
ch
ni
qu
es
wi
th
ch
em
ic
al
s
ma
in
ly
re
ﬂe
ct
s
th
ei
r
de
pe
nd
en
cy
of
ma
ny
bi
oa
cc
um
ul
at
io
n
pr
oc
es
se
s
on
th
e
si
ze
of
an
or
ga
ni
sm
's
li
pi
d
re
se
rv
es
wi
th
th
e b
io
ac
cu
mu
la
te
d
ch
em
ic
al
s
de
po
si
ti
ng
se
le
ct
iv
el
y
in
li
pi
d
ti
ss
ue
s.
Se
ve
ra
l
ph
ys
ic
oc
he
mi
ca
l
(i.
e.,
qu
as
i-
th
er
mo
dy
na
mi
c)
pr
op
er
ti
es
of
ch
em
ic
al
s
ex
pr
es
s
th
is
pa
rt
it
io
ni
ng
of
a
ch
em
ic
al
be
tw
ee
n
li
pi
d
an
d
aq
ue
ou
s
4
‘
i
1
.
1
1
1
1
\
»
l
'
l
'
l
'
l
i
l
'
l
l
l
l
l
l
l
‘
l
“
“
“
“
“
‘
“
‘
“
l
 
l
l
l
\
i
l
\
.
1
1
1
‘
1
1
,
l
ti
ss
ue
re
se
rv
es
ra
th
er
we
ll
,
th
e b
es
t
kn
ow
n
on
e
be
in
g t
he
"o
ct
an
ol
—w
at
er
pa
rt
it
io
n
co
ef
ﬁc
ie
nt
."
Ra
di
on
uc
li
de
s
th
at
sh
ow
an
af
ﬁn
it
y
to
wa
rd
li
pi
ds
in
cl
ud
e
th
os
e
wh
os
e
st
ab
le
nu
cl
id
es
ar
e
pa
rt
s
of
li
pi
d
co
mp
ou
nd
s
(e
. g
.,
ca
rb
on
)
an
d
th
os
e
th
at
fo
rm
li
pi
d-
so
lu
bl
e
co
mp
ou
nd
s,
no
ta
bl
y
me
ta
ls
wh
ic
h
fo
rm
or
ga
no
me
ta
ll
ic
co
mp
ou
nd
s
th
ro
ug
h
su
ch
me
ch
an
is
ms
as
me
th
yl
at
io
n
(e
. g
.,
me
rc
ur
y,
ti
n,
ar
se
ni
c,
se
le
ni
um
).
Si
mu
la
ti
on
te
ch
ni
qu
es
al
so
wo
rk
we
ll
wi
th
th
e
kn
ow
n
me
ta
bo
li
c
pa
th
wa
ys
an
d
me
ch
an
is
ms
fo
r
sp
ec
iﬁ
c
co
mp
ou
nd
s.
C
o
m
p
o
un
d
s
of
in
te
re
st
in
cl
ud
e
th
e
vi
ta
mi
ns
,
ho
rm
on
es
,
an
d
sm
al
l
mo
le
cu
le
s
th
at
ac
t
as
co
fa
ct
or
s
in
me
ta
bo
li
sm
.
Th
es
e
co
mp
ou
nd
s
ei
th
er
co
nt
ai
n
an
un
us
ua
l
el
em
en
t
(e
.g
.,
vi
ta
mi
n
B1
2
ha
s
co
ba
lt
,
th
yr
ox
in
e
ha
s
io
di
ne
)
or
re
qu
ir
e
th
e
pr
es
en
ce
of
a
sp
ec
ia
l
el
em
en
t
fo
r
ac
ti
va
ti
on
(e
. g
.,
ma
gn
es
iu
m,
ir
on
,
ma
ng
an
es
e,
mo
ly
bd
en
um
),
an
d
th
e
un
us
ua
l
or
sp
ec
ia
l
el
em
en
t
ca
n
ea
si
ly
oc
cu
r
as
a
ra
di
on
uc
li
de
.
Bi
oa
cc
um
ul
at
io
n
pr
oc
es
se
s
ar
e
dy
na
mi
c.
Th
ey
m
a
y
oc
cu
r
ov
er
ti
me
pe
ri
od
s
th
at
ap
pe
ar
to
be
es
se
nt
ia
ll
y
"i
nﬁ
ni
te
"
re
la
ti
ve
to
th
e
ex
pe
ct
ed
li
fe
-s
pa
n
of
an
or
ga
ni
sm
.
Ho
we
ve
r,
th
e
li
mi
ta
ti
on
s
of
or
ga
ni
sm
al
si
ze
sp
ec
if
y
th
e
nu
mb
er
of
ti
ss
ue
si
te
s
or
of
ti
ss
ue
ca
pa
ci
ty
to
ca
rr
y
ch
em
ic
al
s
co
up
le
d
wi
th
ph
ys
io
lo
gi
ca
l
pr
oc
es
se
s
of
de
to
xi
ﬁc
at
io
n
an
d
in
te
rn
al
pr
oc
es
se
s
of
ti
ss
ue
re
pa
ir
.
Th
at
as
su
re
s
th
at
bi
oa
cc
um
ul
at
io
n
wo
ul
d
re
ac
h
a
st
ea
dy
st
at
e.
Th
is
"s
te
ad
y
st
at
e"
ma
y
be
an
ac
ad
em
ic
co
nc
ep
t,
si
nc
e
ve
ry
fe
w
bi
oa
cc
um
ul
at
io
n
pr
oc
es
se
s
ha
ve
re
ce
iv
ed
su
fﬁ
ci
en
t
st
ud
y
to
sh
ow
th
at
th
e
st
ea
dy
st
at
e
ha
s
be
en
re
ac
he
d.
M
a
n
y
fa
ct
or
s
ca
n
co
nf
ou
nd
th
e
ob
se
rv
at
io
n
of
a
st
ea
dy
st
at
e
an
d
ar
e
pr
es
en
te
d
in
Te
xt
Bo
x
2
an
d
di
sc
us
se
d
in
di
vi
du
al
ly
.
 
TEXT BOX 2
FA
CT
OR
S
AF
FE
CT
IN
G
OB
SE
RV
AT
IO
N
OF
ST
EA
DY
ST
AT
ES
IN
BI
OA
CC
UM
UL
AT
IO
N
PR
OC
ES
SE
S
(l)
OR
GA
NI
SM
AL
GR
OW
TH
,
RE
PR
OD
UC
TI
ON
.
AN
D
DE
AT
H
(2)
ST
OR
AG
E
IN
SP
EC
IA
L
MA
TR
IC
ES
(3
)
EX
PO
SU
RE
HI
ST
OR
Y
OF
BI
OT
A
TO
VA
RI
OU
S
IS
OT
OP
ES
OF
A
GI
VE
N
E
L
E
M
E
N
T
(4)
GE
OC
HE
MI
CA
L
AN
D
ME
TA
BO
LI
C
"C
OH
ER
EN
CE
"
(D
EP
EN
DE
NC
E
OF
TH
E
BI
OL
OG
IC
AL
AN
D
CH
EM
IC
AL
BE
HA
VI
OR
OF
AN
EL
EM
EN
T
ON
TH
E
PR
ES
EN
CE
AN
D
A
M
O
U
N
T
OF
O
T
H
E
R
ELEMENTS
 
Or
ga
ni
sm
al
gr
ow
th
in
cr
ea
se
s
ca
pa
ci
ty
to
bi
oa
cc
um
ul
at
e
a
gi
ve
n
nu
cl
id
e.
De
pe
nd
in
g
on
pa
st
ex
po
su
re
,
or
ga
ni
sm
al
gr
ow
th
ma
y
al
so
in
cl
ud
e
ad
ap
ta
ti
on
to
an
el
em
en
t
no
t
pr
ev
io
us
ly
ex
pe
ri
en
ce
d.
De
Fi
li
pp
is
an
d
Pa
ll
ag
hy
(1
99
4)
re
fe
r
to
"a
co
ns
id
er
ab
le
in
du
ct
io
n
of
to
le
ra
nc
e"
in
al
ga
e
ch
ro
ni
ca
ll
y
ex
po
se
d
to
he
av
y
me
ta
ls
an
d
th
e
ob
se
rv
at
io
ns
of
re
du
ce
d
le
ve
ls
of
to
xi
ci
ty
un
de
r
ce
rt
ai
n
co
nd
it
io
ns
of
me
ta
bo
li
c
ac
ti
vi
ty
,
no
ta
bl
y
in
se
le
ct
iv
e
ca
rb
on
an
d n
it
ro
ge
n
as
si
mi
la
ti
on
pr
oc
es
se
s.
Or
ga
ni
sm
re
pr
od
uc
ti
on
al
so
pr
ov
id
es
a
me
ch
an
is
m
fo
r
a p
ar
en
t
to
pa
ss
so
me
of
its
ac
cu
mu
la
te
d
ma
te
ri
al
th
ro
ug
h
fo
od
to
an
of
fs
pr
in
g,
lo
we
r
its
ow
n
bo
dy
bu
rd
en
,
an
d
fr
ee
up
ex
is
ti
ng
or
cr
ea
te
mo
re
ca
pa
ci
ty
to
ac
cu
mu
la
te
mo
re
ma
te
ri
al
.
Is
a
ti
ss
ue
re
si
du
e
fo
r
a
su
bs
ta
nc
e,
ev
en
if
a
le
th
al
le
ve
l,
th
e
"s
te
ad
y-
st
at
e"
le
ve
l
or
wa
s
pa
ss
iv
e
up
ta
ke
th
e
me
th
od
of
bi
oa
cc
um
ul
at
io
n
de
sp
it
e
or
ga
ni
sm
al
de
at
h?
Bi
ol
og
ic
al
va
ri
ab
il
it
y
in
su
sc
ep
ti
bi
li
ty
am
on
g
or
ga
ni
sm
s
bo
th
in
tr
as
pe
ci
ﬁc
al
ly
an
d
in
te
rs
pe
ci
ﬁc
al
ly
cr
ea
te
s
a
ra
ng
e
of
ob
se
rv
ed
or
me
as
ur
ed
"f
at
al
"
le
ve
ls
,
wh
ic
h
ma
y
no
t
cl
ea
rl
y i
nd
ic
at
e
th
at
so
me
ma
xi
mu
m
ob
se
rv
ed
"l
et
ha
l"
le
ve
l
is
th
e
st
ea
dy
—s
ta
te
le
ve
l.
Em
er
so
n
an
d
He
ss
le
in
(1
97
3)
ad
de
d
22
6R
a
to
La
ke
22
7
of
th
e
Ex
pe
ri
me
nt
al
La
ke
s
Ar
ea
(E
LA
)
at
Ke
no
ra
,
On
ta
ri
o,
an
d
fo
ll
ow
ed
th
e
di
st
ri
bu
ti
on
of
bo
th
th
e
ra
di
um
an
d
ra
do
n
ga
s d
au
gh
te
r n
uc
li
de
in
va
ri
ou
s c
om
po
ne
nt
s
of
th
e l
ak
e.
Th
ey
re
po
rt
ed
th
at
th
e
up
ta
ke
of
ra
di
um
di
d
no
t
di
ff
er
be
tw
ee
n
li
ve
an
d
de
ad
al
ga
e,
su
gg
es
ti
ng
at
le
as
t
fo
r
th
is
ra
di
on
uc
li
de
,
th
e
im
po
rt
an
ce
of
pa
ss
iv
e
ad
so
rp
ti
on
m
e
c
h
a
n
i
s
m
s
in
th
e
b
i
o
u
p
t
a
k
e
pr
oc
es
se
s.
Fu
rt
he
r,
th
ei
r
e
x
p
e
r
i
m
e
n
t
su
gg
es
ts
th
e
i
m
p
o
r
t
a
n
c
e
o
f
th
e
pa
rt
ic
ul
at
e
ma
tt
er
f
r
o
m
d
e
a
d
o
r
g
a
n
i
s
m
s
as
a
b
i
n
d
i
n
g
ma
te
ri
al
fo
r
ra
di
on
uc
li
de
s
an
d,
th
us
,
th
e
po
te
nt
ia
l
to
o
b
s
e
r
ve
c
o
n
t
i
n
ue
d
b
i
o
u
p
t
a
k
e
l
o
n
g
af
te
r
a
n
o
r
g
a
n
i
s
m
h
a
s
di
ed
.
B
y
in
co
rp
or
at
in
g
a
c
c
u
m
u
l
a
t
e
d
ma
te
ri
al
in
to
a
sp
ec
ia
l
m
a
t
r
i
x
th
at
ei
th
er
re
nd
er
s
th
e
ma
te
ri
al
in
er
t
in
st
or
ag
e
or
ha
st
en
s
de
to
xi
ﬁc
at
io
n,
th
e
o
r
g
a
n
i
s
m
m
a
y
a
d
d
ca
pa
ci
ty
to
a
c
c
um
ul
a
t
e
.
Pe
nt
re
at
h
et
al
.
(
1
9
8
0
)
st
ud
ie
d
th
e
a
c
c
u
m
u
l
a
t
i
o
n
o
f
23
7P
u
b
y
s
e
a
w
e
e
d
s
s
u
c
h
as
F
u
c
u
s
ve
si
cu
lo
su
s
a
n
d
F
u
c
u
s
se
rr
at
us
.
T
h
e
y
s
h
o
w
e
d
th
at
a
c
c
u
m
u
l
a
t
i
o
n
o
c
c
ur
r
e
d
m
a
i
n
l
y
b
y
su
rf
ac
e
ad
so
rp
ti
on
wi
t
h
th
e
b
u
l
k
o
f
th
e
p
l
u
t
o
n
i
u
m
f
o
u
n
d
in
a
ve
r
y
th
in
ou
te
r
su
rf
ac
e
la
ye
r
o
f
th
e
la
mi
na
e.
Ea
rl
y
st
ud
ie
s
b
y
H
a
r
v
e
y
a
n
d
Pa
tr
ic
k
(
1
9
6
7
)
o
n
th
e
u
p
t
a
k
e
o
f
13
7C
s
a
n
d
65
Zn
b
y
d
i
a
t
o
m
s
s
h
o
w
e
d
th
at
th
e
su
rf
ac
e
to
v
o
l
u
m
e
ra
ti
os
o
f
th
e
ce
ll
s
co
rr
el
at
ed
wi
th
th
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
to
a
gr
ea
te
r
de
gr
ee
th
an
th
e
t
a
x
o
n
o
m
i
c
ch
ar
ac
te
ri
st
ic
s
o
f
th
e
d
i
a
t
o
m
s
st
ud
ie
d.
T
h
e
m
a
t
r
i
x
o
f
m
u
c
o
p
r
o
t
e
i
n
s
a
n
d
gl
yc
os
id
ic
re
si
du
es
o
n
th
e
o
r
g
a
n
i
s
m
su
rf
ac
es
pr
ov
id
e
th
e
st
or
ag
e
m
e
c
h
a
n
i
s
m
.
Si
nc
e
th
es
e
ma
te
ri
al
s
ar
e
wa
te
r
so
lu
bl
e,
th
e
in
ve
st
ig
at
or
s
no
te
d
th
at
th
e
ra
di
on
uc
li
de
s
w
a
s
h
e
d
of
f
th
e
o
r
g
a
n
i
s
m
s
ra
th
er
ea
si
ly
.
T
h
e
b
a
c
k
g
r
o
u
n
d
co
nc
en
tr
at
io
n
o
f
th
e
su
bs
ta
nc
e
in
th
e
so
ur
ce
ma
te
ri
al
s
m
a
y
di
ct
at
e
th
e
ex
te
nt
of
ac
cu
mu
la
ti
on
.
T
i
t
a
n
i
u
m
us
ua
ll
y
ha
s
a
ve
ry
l
o
w
up
ta
ke
in
bi
ol
og
ic
al
or
ga
ni
sm
s.
Y
a
n
et
a]
.
(1
98
9)
f
o
un
d
ve
ry
l
o
w
re
si
du
es
of
ti
ta
ni
um
in
th
e
zo
op
la
nk
to
n
sp
ec
ie
s
o
f
B
a
t
L
a
k
e
a
n
d
ve
ry
hi
gh
re
si
du
es
o
f
ti
ta
ni
um
in
th
e
zo
op
la
nk
to
n
of
H
o
r
n
-
2
La
ke
.
T
h
e
s
e
la
ke
s,
in
th
e
C
a
n
a
d
i
a
n
Sh
ie
ld
re
gi
on
o
f
no
rt
hw
es
te
rn
On
ta
ri
o,
h
a
d
re
sp
ec
ti
ve
ly
,
ve
ry
l
o
w
a
n
d
ve
ry
hi
gh
ti
ta
ni
um
co
nt
en
t
o
f
so
ur
ce
ma
te
ri
al
of
th
e
la
ke
s'
ba
si
ns
:
th
e
tr
ap
ro
ck
a
n
d
wa
te
r.
In
fa
ct
,
B
a
t
L
a
k
e
h
a
d
su
ch
a
l
o
w
mi
ne
ra
l
co
nt
en
t
in
th
e
so
ur
ce
ma
te
ri
al
s
th
at
m
o
s
t
of
th
e
el
em
en
ts
ac
cu
mu
la
te
d
in
th
e
zo
op
la
nk
to
n
sp
ec
ie
s
re
fl
ec
te
d
th
e
ra
th
er
i
m
p
o
ve
r
i
s
h
e
d
en
vi
ro
nm
en
t.
B
y
co
nt
ra
st
,
th
e
zo
op
la
nk
to
n
in
H
o
m
-
2
La
ke
,
a
ra
th
er
al
ka
li
ne
la
ke
,
h
a
d
co
ns
id
er
ab
ly
el
ev
at
ed
le
ve
ls
of
ca
lc
iu
m,
co
pp
er
,
a
l
u
m
i
n
u
m
,
m
a
g
n
e
s
i
u
m
,
st
ro
nt
iu
m,
ba
ri
um
,
zi
nc
,
an
d
ca
dm
iu
m,
re
ﬂe
ct
in
g
th
e
na
tu
re
of
th
e
so
ur
ce
ma
te
ri
al
s.
T
h
e
ac
cu
mu
la
ti
on
of
an
el
em
en
t
ve
ry
of
te
n
de
pe
nd
s
o
n
an
ot
he
r
el
em
en
t
or
su
it
e
of
ot
he
r
el
em
en
ts
,
as
we
ll
as
it
s
o
w
n
le
ve
ls
in
va
ri
ou
s
en
vi
ro
nm
en
ta
l
co
mp
ar
tm
en
ts
.
Hu
tc
hi
ns
on
(1
97
5)
,
in
hi
s
Tr
ea
ti
se
on
Li
mn
ol
og
v,
V
o
l
um
e
II
I,
no
te
d
th
at
on
e
of
th
e
m
o
r
e
in
te
re
st
in
g
pr
ob
le
ms
in
un
de
rs
ta
nd
in
g
th
e
ch
em
ic
al
ec
ol
og
y
of
la
ke
m
a
c
r
o
p
h
yt
e
s
is
th
e
"u
nu
su
al
"
ar
ra
y
of
a
c
c
um
ul
a
t
e
d
el
em
en
ts
th
at
ar
e
s
o
m
e
t
i
m
e
s
ob
se
rv
ed
.
D
o
e
s
th
e
ac
cu
mu
la
ti
on
of
an
d
va
lu
e
of
th
e
st
ea
dy
-s
ta
te
re
si
du
e
fo
r
s
o
m
e
un
us
ua
l
el
em
en
t,
su
ch
as
ti
ta
ni
um
,
d
e
p
e
n
d
on
th
e
pr
es
en
ce
of
ca
lc
iu
m,
m
a
g
n
e
s
i
um
,
al
um
in
um
,
co
pp
er
,
et
c.
It
is
k
n
o
w
n
th
at
up
ta
ke
of
b
a
r
i
um
de
pe
nd
s
o
n
ca
lc
iu
m,
bu
t
th
e
u
n
k
n
o
w
n
na
tu
re
of
th
e
m
e
c
h
a
n
i
s
m
s
fo
r
su
ch
"a
ss
is
te
d"
or
"d
ep
en
de
nt
"
up
ta
ke
co
mp
li
ca
te
s
th
e
pr
ob
le
m.
Bioaccumulation factors
T
h
e
fu
nd
am
en
ta
l
pa
ra
me
te
r
ex
pr
es
si
ng
bi
oa
cc
um
ul
at
io
n
is
th
e
b
i
o
a
c
c
um
ul
a
t
i
o
n
fa
ct
or
,
a
di
me
ns
io
nl
es
s
ra
ti
o
of
th
e
co
nc
en
tr
at
io
n,
ac
ti
vi
ty
le
ve
l,
or
si
mi
la
r
en
ti
ty
of
a
ch
em
ic
al
wi
th
in
a
gi
ve
n
ti
ss
ue
to
it
s
co
mp
ar
ab
le
co
nc
en
tr
at
io
n,
ac
ti
vi
ty
le
ve
l,
et
c.
,
in
th
e
so
ur
ce
ma
te
ri
al
to
wh
i
c
h
th
e
ti
ss
ue
is
ex
po
se
d.
T
h
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
ca
n
be
ex
te
nd
ed
to
de
sc
ri
be
re
la
ti
ve
di
st
ri
bu
ti
on
b
e
t
we
e
n
t
wo
bi
ol
og
ic
al
ma
te
ri
al
s,
a
bi
ot
ic
so
ur
ce
ma
te
ri
al
an
d
a
se
co
nd
bi
ol
og
ic
al
su
bs
tr
at
e
ex
po
se
d
to
th
e
so
ur
ce
ma
te
ri
al
.
If
th
is
ra
ti
o
ex
ce
ed
s
un
it
y,
on
e
ha
s
"b
io
ma
gn
if
ic
at
io
n"
an
d
th
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
b
e
c
o
m
e
s
a
"b
io
ma
gn
if
ic
at
io
n
fa
ct
or
."
T
h
e
us
ua
l
si
tu
at
io
n
c
o
m
p
a
r
e
s
th
e
ra
ti
o
of
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
fo
r
a
nu
cl
id
e
fo
r
t
wo
sp
ec
ie
s,
a
c
o
n
s
um
e
r
sp
ec
ie
s
an
d
a
c
o
n
s
u
m
e
d
sp
ec
ie
s.
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Reference elements
Ge
oc
he
mi
st
s
so
me
ti
me
s
ch
oo
se
a
"r
ef
er
en
ce
"
el
em
en
t
fo
r
co
mp
ar
is
on
w
h
e
n
st
ud
yi
ng
th
e
ge
oc
he
mi
ca
l
re
la
ti
on
sh
ip
s
of
ch
em
ic
al
s
a
n
d
el
em
en
ts
to
ea
ch
ot
he
r.
T
h
e
te
ch
ni
qu
e
of
te
n
wo
r
k
s
we
ll
wi
th
bi
oa
cc
um
ul
at
io
n,
bu
t
do
es
no
t
h
a
ve
a
si
gn
iﬁ
ca
nt
hi
st
or
y
of
us
e
fo
r
bi
om
ag
ni
fi
ca
ti
on
.
In
fa
ct
,
th
e
T
a
s
k
F
o
r
c
e
do
es
no
t
r
e
c
o
m
m
e
n
d
it
s
us
e
fo
r
bi
om
ag
ni
fi
ca
ti
on
,
un
le
ss
th
er
e
is
ev
id
en
ce
o
f
th
e
bi
om
ag
ni
fi
ca
ti
on
o
f
se
ve
ra
l
nu
cl
id
es
b
y
th
e
s
a
m
e
or
ve
ry
cl
os
el
y
re
la
te
d
me
ch
an
is
ms
,
a
n
d
th
at
th
e
b
i
o
m
a
g
n
i
ﬁe
d
nu
cl
id
es
ar
e
ge
oc
he
mi
ca
ll
y
“c
oh
er
en
t.
”
“C
oh
er
en
ce
”
is
a
ge
oc
he
mi
ca
l
te
rm
fo
r
s
o
m
e
en
ti
ty
a
c
c
o
m
p
a
n
yi
n
g
so
me
th
in
g
el
se
in
a
me
ch
an
is
ti
c
m
a
n
n
e
r
su
ch
th
at
in
fe
re
nc
es
ab
ou
t
th
e
th
in
g
an
d
th
at
w
h
i
c
h
it
ac
co
mp
an
ie
s
tr
ea
t
bo
th
en
ti
ti
es
id
en
ti
ca
ll
y.
S
u
c
h
co
he
re
nc
e
ca
n
of
te
n
ov
er
ru
le
s
o
m
e
of
th
e
ob
vi
ou
s
be
ha
vi
or
al
di
ff
er
en
ce
s
th
at
w
o
u
l
d
b
e
as
cr
ib
ed
to
th
e
en
ti
ti
es
b
a
s
e
d
o
n
ch
em
is
tr
y,
bi
ol
og
y,
or
ph
ys
ic
s
al
on
e,
if
th
ey
we
r
e
tr
ea
te
d
se
pa
ra
te
ly
un
de
r
th
e
ci
rc
um
st
an
ce
s
de
sc
ri
be
d.
Th
er
e
ar
e
m
a
n
y
ch
oi
ce
s
of
re
fe
re
nc
e
el
em
en
t,
bu
t
m
o
s
t
cu
rr
en
tl
y
us
ed
ch
oi
ce
s
fi
t
on
e
of
t
wo
ca
te
go
ri
es
:
an
ot
he
r
el
em
en
t
in
th
e
s
a
m
e
fa
mi
ly
of
th
e
Pe
ri
od
ic
Ta
bl
e
as
th
e
el
em
en
t
of
in
te
re
st
,
or
an
el
em
en
t
th
at
re
ﬂe
ct
s
k
n
o
wl
e
d
g
e
of
th
e
so
ur
ce
ma
te
ri
al
s
fo
r
th
e
nu
cl
id
es
be
in
g
ac
cu
mu
la
te
d.
In
th
e
fi
rs
t
ch
oi
ce
,
th
e
co
mp
ar
is
on
to
th
e
re
fe
re
nc
e
el
em
en
t
ex
am
in
es
th
e
ch
em
is
tr
y
of
th
e
fa
mi
ly
of
th
e
Pe
ri
od
ic
Ta
bl
e
to
un
de
rs
ta
nd
th
e
ex
te
nt
to
wh
i
c
h
a
gi
ve
n
el
em
en
t
fo
ll
ow
s
th
e
be
ha
vi
or
of
th
e
re
fe
re
nc
e
el
em
en
t.
In
th
e
se
co
nd
ch
oi
ce
,
th
e
co
mp
ar
is
on
ex
am
in
es
th
e
ex
te
nt
to
wh
i
c
h
th
e
el
em
en
t
of
co
nc
er
n
fo
ll
ow
s
th
e
k
n
o
w
n
be
ha
vi
or
of
th
e
re
fe
re
nc
e
el
em
en
t
in
va
ri
ou
s
ty
pe
s
of
so
ur
ce
ma
te
ri
al
s
an
d
su
bs
tr
at
es
.
Fo
r
th
e
se
co
nd
ch
oi
ce
co
ns
id
er
th
e
na
tu
re
of
so
il
s.
El
em
en
ts
th
at
ha
ve
li
mi
te
d
bi
ol
og
ic
al
mo
bi
li
ty
an
d
wo
ul
d
li
ke
ly
re
ma
in
in
so
il
in
pr
ef
er
en
ce
to
up
ta
ke
by
an
or
ga
ni
sm
mi
gh
t
s
h
o
w
a
ce
rt
ai
n
mu
tu
al
co
rr
el
at
io
n.
Ti
ta
ni
um
an
d
a
l
um
i
n
um
te
nd
to
ha
ve
li
mi
te
d
bi
ol
og
ic
al
mo
bi
li
ty
,
al
th
ou
gh
th
e
Ta
sk
Fo
rc
e
ha
s
no
te
d
da
ta
th
at
si
gn
if
ic
an
tl
y
ch
al
le
ng
e
th
is
"
c
o
m
m
o
n
w
i
s
d
o
m
"
an
d
ha
ve
se
rv
ed
as
re
fe
re
nc
e
el
em
en
ts
w
h
e
n
ex
am
in
in
g
th
e
bi
oa
cc
um
ul
at
io
n
of
el
em
en
ts
f
r
o
m
mi
ne
ra
l,
so
il
,
an
d
re
la
te
d
ma
te
ri
al
s.
W
h
e
n
re
la
ti
ng
ra
di
on
uc
li
de
s
to
ea
ch
ot
he
r
fr
om
so
ur
ce
ma
te
ri
al
s,
th
e
pr
im
or
di
al
na
tu
ra
l
ra
di
on
uc
li
de
of
po
ta
ss
iu
m,
40
K,
so
me
ti
me
s
se
rv
es
as
a
re
fe
re
nc
e
element.
A
th
ir
d
ch
oi
ce
,
po
in
te
d
ou
t
b
y
Dr
.
Ur
su
la
Co
wg
il
l
(p
er
so
na
l
co
mm
un
ic
at
io
n)
ex
am
in
es
an
el
em
en
t
no
t
k
n
o
wn
to
be
pr
es
en
t
in
an
y
of
th
e
su
bs
tr
at
es
,
me
di
a,
or
so
ur
ce
ma
te
ri
al
s
as
th
e
re
fe
re
nc
e.
Su
ch
an
el
em
en
t
ha
s
co
mp
le
te
ac
co
un
ta
bi
li
ty
in
al
l
ma
te
ri
al
s
be
ca
us
e
it
s
le
ve
ls
ar
e
th
os
e
th
at
ha
ve
be
en
qu
an
ti
ta
ti
ve
ly
ad
de
d
to
th
e
sy
st
em
by
th
e
in
ve
st
ig
at
or
fo
r
re
fe
re
nc
e
pu
rp
os
es
.
T
h
e
co
mp
ar
is
on
s
ar
e
fo
r
ma
te
ri
al
-b
al
an
ce
ca
lc
ul
at
io
ns
wi
th
qu
al
it
y—
as
su
ra
nc
e
ch
ec
ks
in
he
re
nt
in
th
e
kn
ow
le
dg
e
th
at
al
l
so
ur
ce
s
an
d
am
ou
nt
s
of
th
e
re
fe
re
nc
e
el
em
en
t
ar
e
un
de
r
th
e
in
ve
st
ig
at
or
's
co
nt
ro
l
an
d
qu
an
ti
ta
ti
ve
ly
kn
ow
n.
T
h
e
us
e
of
a
re
fe
re
nc
e
el
em
en
t
ch
an
ge
s
th
e
ca
lc
ul
at
io
ns
an
d
in
te
rp
re
ta
ti
on
s
of
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
fi
ca
ti
on
fa
ct
or
s.
Fi
rs
t,
th
e
re
fe
re
nc
e
el
em
en
t
ap
pr
oa
ch
co
nv
er
ts
th
e
ca
lc
ul
at
io
n
of
a
bi
oa
cc
um
ul
at
io
n
or
bi
om
ag
ni
fi
ca
ti
on
fa
ct
or
fr
om
a
si
ng
le
ge
oc
he
mi
ca
l
ra
ti
o
of
a
gi
ve
n
el
em
en
t
in
tw
o
di
ff
er
en
t
so
ur
ce
ma
te
ri
al
s
to
a
ra
ti
o
of
tw
o
ge
oc
he
mi
ca
l
ra
ti
os
of
th
e
gi
ve
n
el
em
en
t
to
re
fe
re
nc
e
el
em
en
t
in
ea
ch
of
th
e
tw
o
di
ff
er
en
t
so
ur
ce
ma
te
ri
al
s.
Th
is
n
e
w
ca
lc
ul
at
io
n
pr
oc
ed
ur
e
ch
an
ge
s
th
e
in
te
rp
re
ta
ti
on
of
th
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
fr
om
th
e
re
la
ti
ve
en
ri
ch
me
nt
or
re
je
ct
io
n
of
th
e
gi
ve
n
el
em
en
t
be
tw
ee
n
th
e
tw
o
di
ff
er
en
t
so
ur
ce
ma
te
ri
al
s
to
re
la
ti
ve
en
ri
ch
me
nt
or
re
je
ct
io
n
of
a
co
he
re
nt
pa
ir
of
el
em
en
ts
in
th
e
tw
o
di
ff
er
en
t
so
ur
ce
ma
te
ri
al
s.
T
h
e
in
co
rp
or
at
io
n
of
a
re
fe
re
nc
e
el
em
en
t
in
to
th
e
ca
lc
ul
at
io
n
m
a
y
su
gg
es
t
th
e
pr
es
en
ce
or
ab
se
nc
e
of
a
co
mm
on
al
it
y
of
th
e
en
vi
ro
nm
en
ta
l
di
st
ri
bu
ti
on
of
th
e
el
em
en
t
be
in
g
st
ud
ie
d
wi
th
th
e
k
n
o
w
n
en
vi
ro
nm
en
ta
l
di
st
ri
bu
ti
on
of
th
e
re
fe
re
nc
e
el
em
en
t.
T
h
e
re
su
lt
in
g
bi
oa
cc
um
ul
at
io
n
fa
ct
or
is
so
me
ti
me
s
re
fe
rr
ed
to
as
th
e
en
ri
ch
me
nt
fa
ct
or
,
be
ca
us
e
it
co
mp
ar
es
be
ha
vi
or
of
an
el
em
en
t
wi
th
re
sp
ec
t
to
a
re
fe
re
nc
e
el
em
en
t
in
th
e
up
ta
ke
pr
oc
es
s
to
s
h
o
w
th
e
pa
tt
er
n
of
"e
nr
ic
hm
en
t"
(i
nc
re
as
in
g
up
ta
ke
re
la
ti
ve
to
th
e
re
fe
re
nc
e)
or
"r
ej
ec
ti
on
,"
so
me
ti
me
s
re
fe
rr
ed
to
as
"d
ep
au
pe
ra
ti
on
"
(f
ai
lu
re
to
tr
an
sf
er
to
a
n
e
w
ph
as
e
re
la
ti
ve
to
th
e
so
ur
ce
ma
te
ri
al
s)
.
  
TEXT BOX 3
B
I
O
A
C
C
U
M
U
L
A
T
I
O
N
F
A
C
T
O
R
A
N
D
B
I
O
M
A
G
N
I
F
I
C
A
T
I
O
N
F
A
C
T
O
R
FORMULAS
Wi
th
ou
t
re
fe
re
nc
e
el
em
en
ts
:
Ac
ti
vi
ty
or
co
nc
en
tr
at
io
n
of
nu
cl
id
e
in
or
ga
ni
sm
 
[l
]
Bi
oa
cc
um
ul
at
io
n
fa
ct
or
—
fo
r a
nu
cl
id
e
Ac
ti
vi
ty
or
co
nc
en
tr
at
io
n
of
nu
cl
id
e
in
so
ur
ce
ma
te
ri
al
Ac
ti
vi
ty
or
co
nc
en
tr
at
io
n
of
nu
cl
id
e
in
co
ns
um
er
sp
ec
ie
s
[2
]
Bi
om
ag
ni
ﬁc
at
io
n
fa
ct
or
—
fo
r
a
nu
cl
id
e
Ac
ti
vi
ty
or
co
nc
en
tr
at
io
n
of
nu
cl
id
e
in
co
ns
um
ed
sp
ec
ie
s
With reference elements:
(A
ct
iv
it
y o
fn
uc
li
de
in
or
ga
ni
sm
)/
(A
ct
iv
it
y
or
co
nc
en
tr
at
io
n
of
re
fe
re
nc
e
el
em
en
t
in
organism)
[3]
Bi
oa
cc
um
ul
at
io
n
fa
ct
or
=
(A
ct
iv
it
y
of
nu
cl
id
e
in
so
ur
ce
ma
te
ri
al
)/
(A
ct
iv
it
y
or
co
nc
en
tr
at
io
n
of
re
fe
re
nc
e
element in source material)
for a nuclide
(A
ct
iv
it
y o
f
nu
cl
id
e
in
co
ns
um
er
sp
ec
ie
s)
/(
Ac
ti
vi
ty
or
co
nc
en
tr
at
io
n
of
re
fe
re
nc
e
element in consumer species)
[4]
Bi
om
ag
ni
fi
ca
ti
on
fa
ct
or
—
(A
ct
iv
it
y
of
nu
cl
id
e
in
co
ns
um
ed
sp
ec
ie
s)
/(
Ac
ti
vi
ty
or
co
nc
en
tr
at
io
n
of
re
fe
re
nc
e
element in consumed species)
for a nuclide
  
Th
e
fo
rm
ul
as
fo
r
th
e
va
ri
ou
s
ty
pe
s
of
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
ar
e
gi
ve
n
in
Te
xt
Bo
x
3.
Th
e
fo
rm
ul
as
do
no
t
de
pe
nd
on
th
e
st
ab
il
it
y
of
th
e
nu
cl
id
e.
Ob
vi
ou
sl
y
"a
ct
iv
it
y"
da
ta
wi
ll
ap
pl
y
to
ra
di
oa
ct
iv
e
ma
te
ri
al
s,
bu
t
th
e
fo
rm
ul
as
ar
e
ge
ne
ri
c,
si
nc
e
sp
ec
if
ic
ac
ti
vi
ty
is
de
ﬁn
ed
as
pr
op
or
ti
on
al
to
co
nc
en
tr
at
io
n.
Re
fe
re
nc
e
el
em
en
ts
an
d
Gr
ea
t
La
ke
s
da
ta
W
h
e
n
th
e
so
ur
ce
ma
te
ri
al
of
a
nu
cl
id
e
is
wa
te
r,
mi
ne
ra
ls
,
so
il
s,
or
se
di
me
nt
s,
th
e
re
fe
re
nc
e
el
em
en
t
ap
pr
oa
ch
so
me
ti
me
s
gi
ve
s
a
gr
ea
te
r
bi
oa
cc
um
ul
at
io
n
fa
ct
or
by
su
gg
es
ti
ng
po
ss
ib
le
ge
oc
he
mi
ca
l
re
la
ti
on
sh
ip
s
be
tw
ee
n
el
em
en
ts
to
im
pr
ov
e
th
e u
nd
er
st
an
di
ng
of
an
or
ga
ni
sm
's
up
ta
ke
,
re
je
ct
io
n,
or
re
te
nt
io
n
of
a
gi
ve
n
el
em
en
t.
So
me
ma
ri
ne
ge
oc
he
mi
st
s
us
ed
th
is
ap
pr
oa
ch
to
se
pa
ra
te
bi
oa
cc
um
ul
at
io
n
ra
te
s
an
d
me
ch
an
is
ms
fo
r
el
em
en
ts
fo
un
d
in
su
rf
ac
e
la
ye
rs
of
th
e
oc
ea
ns
fr
om
th
os
e i
n
de
ep
er
la
ye
rs
of
th
e
oc
ea
ns
.
Th
e
st
ud
ie
s
th
e
Gr
ea
t
La
ke
s
us
ua
ll
y
do
no
t
ha
ve
su
ff
ic
ie
nt
ly
ri
ch
da
ta
co
ll
ec
ti
on
pr
ot
oc
ol
s
to
ex
pl
oi
t
th
e
mo
re
ad
va
nc
ed
id
ea
s
in
th
e r
ef
er
en
ce
el
em
en
t
ap
pr
oa
ch
,
bu
t
th
e
Ta
sk
Fo
rc
e
ha
s
at
te
mp
te
d
th
is
ap
pr
oa
ch
in
a
fe
w
in
st
an
ce
s.
Qu
al
it
y
as
su
ra
nc
e
pr
ov
is
io
ns
fo
r
bi
ou
pt
ak
e
da
ta
Be
ca
us
e
of
th
e
va
ri
ab
il
it
y i
n
qu
al
it
y
an
d
fo
rm
of
th
e
da
ta
fo
r b
io
ac
cu
mu
la
ti
on
an
d
bi
om
ag
ni
fi
ca
ti
on
,
an
d
be
ca
us
e
th
e
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
fa
ct
or
s
ca
n
be
us
ed
fo
r
es
ti
ma
ti
ng
th
e
nu
cl
id
e
in
ve
nt
or
y
of
a
bi
ol
og
ic
al
co
mp
ar
tm
en
t,
th
e
Ta
sk
Fo
rc
e
ha
s
li
st
ed
a
se
t o
f
cr
it
er
ia
fo
r
ra
ti
ng
th
e
qu
al
it
y o
f
th
e
da
ta
us
ed
.
Te
xt
Bo
x
4
su
mm
ar
iz
es
th
is
in
fo
rm
at
io
n.
Th
e
mo
st
re
li
ab
le
da
ta
wo
ul
d
ﬁt
a
pr
of
il
e
of
al
l
"Y
es
"
an
sw
er
s
to
th
e
qu
es
ti
on
s,
al
th
ou
gh
th
e
li
st
in
g i
s n
ot
ex
cl
us
iv
e.
Th
os
e
da
ta
th
at
a
ﬁt
a
pr
oﬁ
le
of
on
ly
a
fe
w
"Y
es
"
re
sp
on
se
s
wo
ul
d
en
ge
nd
er
mu
ch
le
ss
co
nﬁ
de
nc
e
as
to
qu
al
it
y
an
d
us
ef
ul
ne
ss
.
R
M
M
M
M
R
M
M
A
M
M
A
M
A
M
M
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
tW
l
ﬁ
‘
l
‘
l
‘
l
‘
l
‘
l
‘
l
‘
l
‘
l
‘
l
"
A
sp
ec
ia
l n
ot
e
ab
ou
t t
he
ﬁf
th
qu
es
ti
on
in
Te
xt
Bo
x
4.
Th
e
Ta
sk
Fo
rc
e
do
es
no
t e
xp
ec
t t
ha
t t
he
in
fo
rm
at
io
n
pr
ov
id
ed
ha
s
as
so
ci
at
ed
wi
th
it
a
le
ga
l "
ch
ai
n
of
cu
st
od
y,
"
as
so
me
ti
me
s
pr
es
cr
ib
ed
in
pr
ot
oc
ol
s f
or
re
se
ar
ch
an
d
mo
ni
to
ri
ng
th
at
mu
st
me
et
le
ga
l o
r
re
gu
la
to
ry
re
qu
ir
em
en
ts
.
Ra
th
er
th
e
Ta
sk
Fo
rc
e
wi
sh
es
to
lm
ow
en
ou
gh
ab
ou
t
th
e
co
ll
ec
ti
on
,
pr
oc
es
si
ng
,
ha
nd
li
ng
,
an
d
an
al
ys
is
of
ma
te
ri
al
s
an
d
th
e
su
bs
eq
ue
nt
re
po
rt
in
g
of
re
su
lt
s
to
as
su
re
co
nﬁ
de
nc
e
th
at
th
e
da
ta
ca
n m
ee
t
so
me
te
st
s o
f q
ua
li
ty
in
la
te
r a
na
ly
se
s
of
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
pr
oc
es
se
s
an
d
th
e
de
ve
lo
pm
en
t
an
d
as
se
ss
me
nt
of
ra
di
on
uc
li
de
in
ve
nt
or
ie
s.
Th
e
si
xt
h
qu
es
ti
on
in
th
e
Te
xt
Bo
x
4
on
ch
em
ic
al
an
d
bi
ol
og
ic
al
ma
tr
ic
es
re
fe
rs
to
a p
ra
ct
ic
al
pr
ob
le
m
of
av
ai
la
bl
e
re
fe
re
nc
e
sa
mp
le
s
of
bi
ol
og
ic
al
ma
te
ri
al
s
fo
r
qu
al
it
y
as
su
ra
nc
e
pu
rp
os
es
.
So
me
re
fe
re
nc
e
ma
te
ri
al
is
su
pp
li
ed
by
th
e
Na
ti
on
al
In
st
it
ut
e
of
Te
ch
no
lo
gy
(f
or
me
rl
y:
Un
it
ed
St
at
es
Bu
re
au
of
St
an
da
rd
s)
.
Th
e
ma
tr
ix
pr
ob
le
m
in
ge
ne
ra
l
re
qu
ir
es
ca
re
fu
l
re
vi
ew
be
fo
re
us
in
g
el
em
en
ta
l
da
ta
ob
ta
in
ed
fr
om
ma
ny
su
bs
tr
at
es
.
Ot
he
r
re
fe
re
nc
e
sa
mp
le
s
ha
ve
be
en
de
ve
lo
pe
d
co
op
er
at
iv
el
y
wi
th
th
e
Un
it
ed
St
at
es
En
vi
ro
nm
en
ta
l
Pr
ot
ec
ti
on
Ag
en
cy
on
ra
di
on
uc
li
de
s
in
a v
ar
ie
ty
of
sub
st
ra
te
s,
so
me
of
wh
ic
h
ar
e o
f b
io
lo
gi
ca
l o
rig
in.
 
TEXT BOX 4
QU
ES
TI
ON
S
TO
AS
SE
SS
TH
E
QU
AL
IT
Y
OF
DA
TA
US
ED
TO
EV
AL
UA
TE
Bl
OA
CC
UM
UL
AT
lO
N
AN
D
BI
OM
AG
NI
FI
CA
TI
ON
(l)
ls
the
re
a c
om
pl
et
e i
de
nt
iﬁ
ca
ti
on
of
the
bio
log
ica
l s
am
pl
e b
ei
ng
ex
am
in
ed
?
lf
th
e s
am
pl
e
is
tis
sue
fr
om
an
or
ga
ni
sm
,
is
the
ty
pe
of
tis
sue
or
par
t c
lea
rly
an
d c
om
pl
et
el
y i
den
tiﬁ
ed,
in
cl
ud
in
g t
he
or
ga
ni
sm
so
ur
ce
an
d
its
ta
xo
no
mi
c
na
me
?
(2)
If
th
e b
iol
ogi
cal
des
cri
pti
on
is
for
a "
mi
xe
d"
mat
eri
al
(e.
g.,
pe
ri
ph
yt
on
or
pl
an
kt
on
),
is
the
de
sc
ri
pt
io
n
su
fﬁ
ci
en
tl
y
eco
log
ica
lly
cle
ar
to
per
mit
int
erp
ret
ati
on
of
th
e o
bs
er
ve
d b
io
ac
cu
mu
la
ti
on
an
d
bi
om
ag
ni
ﬁc
at
io
n p
ar
am
et
er
s?
(3)
Ar
e
the
da
ta
ava
ila
ble
on
a "
d
we
i
ht"
bas
is.
If
da
ta
are
on
a "
we
t w
ei
ht"
bas
is,
are
the
er
ce
nt
mo
is
tu
re
an
d t
he
W
E
g
P
per
cen
t "
ign
iti
on
los
s"
giv
en
to
per
mit
the
cal
cul
ati
on
of
res
ult
s o
n
a d
ry
we
ig
ht
bas
is?
(4)
Fo
r a
n
el
em
en
t,
is
(ar
e)
the
va
le
nc
e s
tat
e(s
) g
iv
en
?
If
not
, a
re
the
an
al
ys
es
re
po
rt
ed
on
tot
al
el
em
en
t
bas
is?
(5)
Ar
e t
he
co
nd
it
io
ns
of
ha
nd
li
ng
of
th
e s
pe
ci
me
ns
wel
l d
oc
um
en
te
d,
inc
lud
ing
:
irr
adi
ati
on
ti
me
s o
r e
xp
os
ur
e t
ime
,
sa
mp
li
ng
pr
ot
oc
ol
s
if
th
e
ma
te
ri
al
we
re
ta
ke
n
fr
om
th
e ﬁ
el
d,
me
th
od
s
to
pr
ev
en
t c
ro
ss
co
nt
am
in
at
io
n
of
sp
ec
im
en
s
fr
om
the
ma
te
ri
al
s o
f h
an
dl
in
g,
pr
es
er
va
ti
on
me
th
od
s,
ana
lys
is
me
th
od
s
(c
ou
nt
in
g,
ga
mm
a
spe
ctr
a.
et
c)
?
(6)
Ar
e
the
so
ur
ce
ma
te
ri
al
s a
nd
the
ir
ma
tr
ic
es
fr
om
wh
ic
h
sa
mp
le
s w
er
e c
oll
ect
ed
cle
arl
y i
de
nt
iﬁ
ed
(e.
g.,
wat
er,
tra
p
roc
k,
sed
ime
nt,
air
—wa
ter
int
erf
ace
, f
oa
ms
an
d s
pra
ys,
se
di
me
nt
—w
at
er
int
erf
ace
)?
 
Bi
ot
ic
ne
ed
s
fo
r b
io
ac
cu
mu
la
ti
on
da
ta
Th
er
e
ar
e
se
ve
ra
l
da
ta
ne
ed
s
re
la
te
d t
o b
io
ac
cu
mu
la
ti
on
.
Fi
rs
t
is
a n
ee
d
fo
r b
io
lo
gi
ca
l
pr
od
uc
ti
vi
ty
da
ta
.
Pr
od
uc
ti
vi
ty
da
ta
co
nv
er
ts
co
nc
en
tr
at
io
ns
an
d
ac
ti
vi
ti
es
of
nu
cl
id
es
in
to
ma
ss
ba
la
nc
e
pa
ra
me
te
rs
an
d
al
lo
ws
on
e
to
ad
dr
es
s
wh
ol
e-
or
ga
ni
sm
da
ta
as
we
ll
as
ec
os
ys
te
m
an
d
co
mm
un
it
y
da
ta
by
co
ns
id
er
in
g
th
e
ab
so
lu
te
ra
th
er
relative cycling of selected isotopes.
Fo
r
la
ke
s,
on
e
ne
ed
s
da
ta
fo
r
pl
an
kt
on
sp
ec
ie
s
(p
hy
to
pl
an
kt
on
an
d
zo
op
la
nk
to
n)
,
be
nt
ho
s,
an
d
pe
la
gi
c
ﬁs
he
s.
Fo
r
ri
ve
rs
an
d
tr
ib
ut
ar
ie
s
th
at
en
te
r,
co
nn
ec
t,
or
le
av
e
la
ke
s,
on
e
ne
ed
s
th
e
co
mp
ar
ab
le
da
ta
fo
r
be
nt
hi
c
al
ga
e,
ma
cr
op
hy
te
s,
an
d
ma
cr
oi
nv
er
te
br
at
es
.
Fi
na
ll
y,
th
er
e
ar
e
te
rr
es
tr
ia
l
sp
ec
ie
s
th
at
pr
ov
id
e
a
li
nk
be
tw
ee
n
el
em
en
ts
th
at
cy
cl
e
th
ro
ug
h
aq
ua
ti
c
bi
ot
a
an
d
te
rr
es
tr
ia
l
bi
ot
a.
Th
es
e
in
cl
ud
e
ﬁs
h-
an
d
in
ve
rt
eb
ra
te
-c
on
su
mi
ng
bi
rd
s,
re
pt
il
es
,
an
d
ma
mm
al
s
(h
er
ei
n
co
ns
id
er
ed
as
"w
il
dl
if
e"
),
wh
ic
h
sp
en
d
pa
rt
of
th
ei
r
ti
me
in
la
ke
an
d
ri
ve
r
hab
ita
ts
bu
t a
re
no
t t
ota
lly
aqu
ati
c s
pec
ies
.
 T
h
e
m
a
j
o
r
da
ta
d
e
ﬁc
i
e
n
c
i
e
s
o
c
c
u
r
fo
r
la
ke
ma
cr
oi
nv
er
te
br
at
es
,
b
o
t
h
be
nt
hi
c
a
n
d
pl
an
kt
on
ic
,
ri
ve
r
pl
an
ts
a
n
d
an
im
al
s,
a
n
d
th
e
te
rr
es
tr
ia
l
wi
ld
li
fe
sp
ec
ie
s.
S
i
n
c
e
19
85
,
se
ve
ra
l
g
o
v
e
r
n
m
e
n
t
re
se
ar
ch
la
bo
ra
to
ri
es
,
m
a
i
n
l
y
in
C
a
n
a
d
a
,
h
a
v
e
s
o
u
g
h
t
to
cl
os
e
th
es
e
da
ta
ga
ps
.
In
m
a
n
y
in
st
an
ce
s
th
e
fo
cu
s
o
f
th
e
re
se
ar
ch
w
a
s
o
n
Ar
ct
ic
sp
ec
ie
s
or
bi
ol
og
ic
al
a
s
s
e
m
b
l
a
g
e
s
in
na
ti
on
al
p
a
r
k
s
or
r
e
m
o
t
e
ar
ea
s,
n
o
t
s
p
e
c
i
ﬁ
c
a
l
l
y
th
e
G
r
e
a
t
L
a
k
e
s
.
N
e
ve
r
t
h
e
l
e
s
s
,
th
e
c
l
i
m
a
t
e
zo
ne
s,
la
ti
tu
de
b
a
n
d
s
,
sp
ec
ie
s
di
st
ri
bu
ti
on
s,
a
n
d
of
te
n
a
fo
rt
ui
to
us
c
o
v
e
r
a
g
e
o
f
r
a
d
i
o
n
uc
l
i
d
e
s
f
r
o
m
re
si
du
al
a
t
m
o
s
p
h
e
r
i
c
fa
ll
ou
t
a
n
d
w
e
a
p
o
n
s
te
st
in
g
h
a
v
e
e
n
a
b
l
e
d
o
f
th
e
T
a
s
k
F
o
r
c
e
to
a
d
d
r
e
s
s
G
r
e
a
t
L
a
k
e
s
bi
ot
ic
c
o
m
p
a
r
t
m
e
n
t
s
.
O
f
pa
rt
ic
ul
ar
v
a
l
u
e
ar
e
d
a
t
a
fo
r
sp
ec
ie
s
o
f
D
a
p
h
n
i
a
,
w
h
i
c
h
ar
e
i
m
p
o
r
t
a
n
t
in
th
e
G
r
e
a
t
L
a
k
e
s
.
L
i
m
i
t
a
t
i
o
n
s
o
f
e
l
e
m
e
n
t
a
l
c
o
m
p
o
s
i
t
i
o
n
d
a
t
a
T
h
e
s
i
m
p
l
e
s
t
m
e
a
s
u
r
e
s
o
f
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
de
ri
ve
f
r
o
m
th
e
e
l
e
m
e
n
t
a
l
c
o
m
p
o
s
i
t
i
o
n
o
f
a
ti
ss
ue
or
o
r
g
a
n
i
s
m
a
n
d
c
o
m
p
a
r
e
d
w
i
t
h
th
e
e
l
e
m
e
n
t
a
l
c
o
m
p
o
s
i
t
i
o
n
o
f
it
s
fo
od
,
wa
te
r,
o
r
h
o
s
t
e
n
v
i
r
o
n
m
e
n
t
.
H
o
w
e
v
e
r
,
th
e
c
o
m
p
a
r
i
s
o
n
s
o
f
da
ta
o
n
e
l
e
m
e
n
t
a
l
c
o
m
p
o
s
i
t
i
o
n
o
f
se
ve
ra
l
bi
ol
og
ic
al
s
a
m
p
l
e
s
or
su
bs
tr
at
es
d
o
n
o
t
a
l
w
a
y
s
q
ua
n
t
i
f
y
th
e
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
p
r
o
c
e
s
s
e
s
.
O
n
e
co
ns
id
er
at
io
n
is
th
at
ve
ry
f
e
w
re
si
du
e
m
e
a
s
u
r
e
m
e
n
t
s
ar
e
ta
ke
n
as
fu
nc
ti
on
s
o
f
ti
me
,
a
n
d
th
er
ef
or
e.
th
e
st
at
e
o
f
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
d
o
e
s
no
t
in
fe
r
th
e
ra
te
o
f
b
i
o
a
c
c
um
ul
a
t
i
o
n
.
Fu
rt
he
r,
th
e
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
da
ta
m
a
y
re
fl
ec
t
a
hi
st
or
y
o
f
o
r
g
a
n
i
s
m
a
l
ex
po
su
re
,
w
h
i
c
h
is
u
n
k
n
o
w
n
to
th
e
in
ve
st
ig
at
or
.
T
h
i
s
o
c
c
ur
s
ro
ut
in
el
y
in
m
i
g
r
a
t
o
r
y
sp
ec
ie
s
or
o
r
g
a
n
i
s
m
s
th
at
e
xp
e
r
i
e
n
c
e
ra
pi
dl
y
c
h
a
n
g
i
n
g
e
n
v
i
r
o
n
m
e
n
t
a
l
co
nd
it
io
ns
.
O
r
g
a
n
i
s
m
s
al
so
c
a
n
tr
y
to
co
nt
ro
l
m
u
c
h
o
f
th
ei
r
p
h
y
s
i
o
l
o
g
y
a
n
d
b
e
h
a
v
i
o
r
to
m
a
i
n
t
a
i
n
h
o
m
e
o
s
t
a
s
i
s
(a
n
op
er
at
io
na
l
r
a
n
g
e
o
f
st
at
es
th
at
p
e
r
m
i
t
th
e
o
r
g
a
n
i
s
m
to
fu
nc
ti
on
su
cc
es
sf
ul
ly
a
n
d
m
i
n
i
m
i
z
e
st
re
ss
).
T
h
i
s
re
qu
ir
es
th
at
a
n
o
r
g
a
n
i
s
m
ex
er
t
s
o
m
e
co
nt
ro
l
o
v
e
r
it
s
e
l
e
m
e
n
t
a
l
c
o
m
p
o
s
i
t
i
o
n
de
sp
it
e
ﬂ
u
c
t
u
a
t
i
n
g
c
o
n
d
i
t
i
o
n
s
o
f
e
l
e
m
e
n
t
a
l
sc
ar
ci
ty
or
ex
ce
ss
a
n
d
c
h
a
n
g
e
s
in
ex
te
rn
al
ph
ys
ic
al
e
n
v
i
r
o
n
m
e
n
t
(i
.e
.,
te
mp
er
at
ur
e,
p
H
,
al
ka
li
ni
ty
,
sa
li
ni
ty
,
ﬂ
o
w
,
a
n
d
di
lu
ti
on
).
In
m
a
i
n
t
a
i
n
i
n
g
ho
me
os
ta
si
s,
o
r
g
a
n
i
s
m
s
m
a
y
m
o
d
i
f
y
c
o
n
s
i
d
e
r
a
b
l
y
th
ei
r
o
w
n
e
x
p
o
s
u
r
e
hi
st
or
y
to
th
e
el
em
en
ts
w
h
i
c
h
th
ey
ac
cu
mu
la
te
.
As
si
mi
la
ti
on
ef
ﬁc
ie
nc
y
C
a
l
o
w
a
n
d
Fl
et
ch
er
(
1
9
7
2
)
p
i
o
n
e
e
r
e
d
a
t
e
c
h
n
i
q
ue
ca
ll
ed
th
e
"a
ss
im
il
at
io
n
ef
fi
ci
en
cy
,"
w
h
i
c
h
re
la
te
s
th
e
up
ta
ke
o
f
a
c
h
e
m
i
c
a
l
to
th
e
as
si
mi
la
ti
on
o
f
c
a
r
b
o
n
(a
m
e
a
s
u
r
e
o
f
n
e
w
p
r
o
t
o
p
l
a
s
m
pr
od
uc
ti
on
).
T
h
e
m
e
t
h
o
d
de
si
gn
at
es
th
e
c
a
r
b
o
n
as
si
mi
la
te
d
f
r
o
m
f
o
o
d
so
ur
ce
s
as
th
e
re
fe
re
nc
e
e
l
e
m
e
n
t
to
w
h
i
c
h
al
l
ot
he
r
a
c
c
u
m
u
l
a
t
e
d
e
l
e
m
e
n
t
s
ar
e
c
o
m
p
a
r
e
d
.
N
o
t
e
th
at
th
e
m
e
t
h
o
d
o
n
l
y
co
ns
id
er
s
th
at
pa
rt
o
f
th
e
g
e
o
c
h
e
m
i
c
a
l
p
o
o
l
o
f
c
a
r
b
o
n
th
at
g
o
e
s
in
to
pr
ot
op
la
sm
.
O
t
h
e
r
re
fe
re
nc
e
e
l
e
m
e
n
t
m
e
t
h
o
d
s
d
o
no
t
m
a
k
e
th
is
di
st
in
ct
io
n
bu
t,
ra
th
er
,
m
a
k
e
th
ei
r
c
o
m
p
a
r
i
s
o
n
s
wi
t
h
re
sp
ec
t
to
th
e
to
ta
l
p
o
o
l
o
f
th
e
e
l
e
m
e
n
t
in
a
gi
ve
n
m
e
d
i
u
m
,
no
t
a
sp
ec
if
ic
fr
ac
ti
on
o
f
th
at
e
l
e
m
e
n
t
in
a
gi
ve
n
m
e
d
i
u
m
.
T
h
e
ch
oi
ce
o
f
th
e
el
em
en
t'
s
en
ti
re
g
e
o
c
h
e
m
i
c
a
l
p
o
o
l
is
s
o
m
e
t
i
m
e
s
u
n
a
v
o
i
d
a
b
l
e
b
e
c
a
u
s
e
th
e
st
ud
ie
s
ci
te
d
h
a
d
n
o
m
e
t
h
o
d
s
fo
r
m
e
a
s
u
r
e
m
e
n
t
s
o
f
th
e
va
ri
ou
s
fr
ac
ti
on
s
o
f
th
e
el
em
en
t'
s
p
o
o
l
th
at
w
o
u
l
d
a
l
l
o
w
a
m
o
r
e
re
fi
ne
d
ch
oi
ce
.
M
a
n
y
tr
an
sf
er
fa
ct
or
s,
w
h
i
c
h
re
la
te
e
l
e
m
e
n
t
s
f
o
u
n
d
in
ce
rt
ai
n
o
r
g
a
n
i
s
m
s
to
th
e
a
m
o
u
n
t
re
ta
in
ed
in
c
o
n
s
u
m
e
r
sp
ec
ie
s,
a
s
s
u
m
e
a
5
0
%
ut
il
iz
at
io
n
o
f
av
ai
la
bl
e
c
a
r
b
o
n
.
T
h
i
s
a
s
s
u
m
p
t
i
o
n
o
c
c
ur
s
in
m
o
d
e
l
s
us
in
g
m
a
r
i
n
e
sp
ec
ie
s,
si
nc
e
th
at
da
ta
ba
se
is
la
rg
e.
H
C
is
a
tr
ac
er
o
f
as
si
mi
la
te
d
ca
rb
on
.
T
h
e
m
e
t
h
o
d
a
s
s
u
m
e
s
a
co
ns
ta
nt
ra
ti
o
o
f
ra
di
oa
ct
iv
e
c
a
r
b
o
n
to
to
ta
l
c
a
r
b
o
n
(
c
o
m
p
l
e
t
e
m
i
x
i
n
g
o
f
th
e
is
ot
op
e
po
ol
),
th
us
as
su
ri
ng
th
e
ra
ti
o
o
f
ra
di
oa
ct
iv
e
c
a
r
b
o
n
to
as
si
mi
la
te
d
c
a
r
b
o
n
is
a
co
ns
ta
nt
.
F
o
r
a
s
e
c
o
n
d
el
em
en
t,
a
ra
di
on
uc
li
de
ve
rs
io
n
is
u
s
e
d
u
n
d
e
r
ot
he
r
ci
rc
um
st
an
ce
s,
w
h
i
c
h
as
su
re
s
th
at
e
l
e
m
e
n
t
is
al
so
a
co
ns
ta
nt
fr
ac
ti
on
o
f
it
s
g
e
o
c
h
e
m
i
c
a
l
po
ol
.
T
h
e
ra
ti
o
o
f
th
e
ac
ti
vi
ti
es
o
f
th
e
t
w
o
re
fe
re
nc
e
ra
di
on
uc
li
de
s
eq
ua
ls
th
e
ra
ti
o
o
f
th
e
el
em
en
ta
l
m
a
s
s
e
s
in
th
e
ap
pr
op
ri
at
e
g
e
o
c
h
e
m
i
c
a
l
p
o
o
l
o
f
th
e
su
bs
tr
at
e
b
e
i
n
g
st
ud
ie
d.
T
h
e
s
e
c
o
n
d
is
ot
op
e
is
ty
pi
ca
ll
y
5|
Cr
,
w
h
i
c
h
is
a
s
s
u
m
e
d
to
h
a
v
e
n
o
as
si
mi
la
ti
on
or
p
r
o
t
o
p
l
a
s
m
pu
rp
os
e.
T
h
e
re
te
nt
io
n
o
f
th
e
ra
di
on
uc
li
de
o
f
c
h
r
o
m
i
u
m
th
us
p
r
e
s
u
m
a
b
l
y
m
e
a
s
u
r
e
s
s
o
m
e
pa
ss
iv
e
b
i
o
up
t
a
k
e
a
n
d
st
or
ag
e
10
J
J
J
J
J
J
J
A
J
A
A
A
A
A
'
A
'
I
A
'
I
J
J
\
l
.
\
\
'
A
A
J
J
J
J
J
J
J
J
J
J
J
A
J
I
I
‘
‘
\
‘
\
‘
\
‘
\
‘
\
‘
\
‘
\
‘
\
‘
\
\
\
\
\
\
\
\
\
\
‘
\
\
\
‘
\
\
\
s
\
‘
i
‘
i
i
i
\
ﬂ
l
I
me
ch
an
is
m.
Th
e
ge
oc
he
mi
ca
l
rat
ios
of
MC
/S
‘C
r
in
or
ga
ni
sm
al
fo
od
an
d
fe
ca
l
ma
te
ri
al
s
ar
e
de
te
rm
in
ed
an
d
th
e
as
si
mi
la
ti
on
ef
fi
ci
en
cy
ob
ta
in
ed
by
di
ff
er
en
ce
.
Ni
ch
ol
as
Fi
sh
er
an
d
hi
s c
ow
or
ke
rs
(F
is
he
r e
t a
1.
19
83
;
Lu
om
a
et
a1.
19
92
; W
an
g
an
d
Fi
sh
er
19
96
) h
av
e
ex
pl
or
ed
th
is
me
th
od
ex
te
ns
iv
el
y
wi
th
51
Cr
, 5
7C
o,
65
Zn
, 7
5S
e,
an
d
11
0A
g
wi
th
ma
ri
ne
mo
ll
us
cs
(e.
g.,
My
a
ar
en
ar
ia
,
My
ti
lu
s
ed
ul
is
)
an
d
va
ri
ou
s
sp
ec
ie
s
of
ma
ri
ne
al
ga
e.
Fi
sh
er
co
ul
d
de
ri
ve
re
gr
es
si
on
eq
ua
ti
on
s
be
tw
ee
n
I“
C
an
d
so
me
ra
di
on
uc
li
de
s a
cc
um
ul
at
ed
in
se
le
ct
ed
sp
ec
ie
s,
bu
t i
n a
fe
w c
as
es
, e
sp
ec
ia
ll
y 1
10
Ag
, s
uc
h r
eg
re
ss
io
n e
qu
at
io
ns
co
ul
d
no
t b
e
de
ri
ve
d.
Re
gr
es
si
on
eq
ua
ti
on
s e
nh
an
ce
an
un
de
rs
ta
nd
in
g
of
th
e
bi
ou
pt
ak
e p
ro
ce
ss
es
in
th
at
on
e
ca
n
se
e w
hi
ch
el
em
en
ts
co
rr
el
at
e w
it
h c
ar
bo
n a
ss
im
il
at
io
n,
bu
t t
he
ab
se
nc
e o
f s
uc
h e
qu
at
io
ns
of
fe
rs
eq
ua
ll
y i
mp
or
ta
nt
in
fo
rm
at
io
n
on
el
em
en
ts
th
at
do
no
t
co
rr
el
at
e
wi
th
ca
rb
on
.
Fo
r
ex
am
pl
e,
th
e e
nv
ir
on
me
nt
al
mo
ve
me
nt
of
si
lv
er
is
no
t
we
ll
un
de
rs
to
od
;
th
us
, i
t i
s u
se
fu
l
to
kn
ow
th
at
th
e c
yc
li
ng
of
th
is
el
em
en
t d
oe
s
no
t s
ho
w
an
as
so
ci
at
io
n w
it
h
th
e
as
si
mi
la
ti
on
an
d
us
e
of
ca
rb
on
in
th
e n
ut
ri
en
t p
oo
l.
On
e a
dv
an
ta
ge
of
th
e a
ss
im
il
at
io
n—
ef
ﬁc
ie
nc
y m
et
ho
d i
s i
ts
co
ns
id
er
at
io
n o
fg
ro
wt
h a
nd
pr
od
uc
ti
on
of
ne
w
pr
ot
op
la
sm
in
to
th
e a
na
lys
is
, w
hi
le
tr
ea
ti
ng
dy
na
mi
ca
ll
y t
he
up
ta
ke
, e
xc
re
ti
on
, a
nd
re
te
nt
io
n o
fa
ra
di
on
uc
li
de
. T
he
ma
th
em
at
ic
al
eq
ua
ti
on
s
de
sc
ri
bi
ng
th
e m
et
ho
d
ca
n t
rea
t s
ev
er
al
ki
nd
s o
f e
xp
er
im
en
ta
l
dat
a,
in
cl
ud
in
g d
at
a f
ro
m
sta
tic
an
d
dy
na
mi
c
ex
pe
ri
me
nt
s
an
d
ab
so
lu
te
co
nc
en
tr
at
io
n
da
ta
as
we
ll
as
ki
ne
ti
c
da
ta
on
rat
es
of
ch
an
ge
of
co
nc
en
tr
at
io
n
wi
th
ti
me
.
Th
e
ma
th
em
at
ic
al
eq
ua
ti
on
s
ap
pe
ar
in
Te
xt
Bo
x
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TEXT BOX 5
RE
LA
TI
ON
SH
IP
BE
TW
EE
N
AS
SI
MI
LA
TI
ON
EF
FI
CI
EN
CY
AN
D
BI
OA
CC
UM
UL
AT
IO
N
FA
CT
OR
S
  
[1]
Ass
imi
lat
ion
Eff
ici
enc
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AE
)c
=
i l
'
gl‘
C/S
‘Cr
gm
X 1
00
(fo
r c
arb
on)
("/o
)
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/Sl
Cr)
foo
d
[2]
Ass
imi
lat
ion
Eff
ici
enc
y (
AE
)X
=
1 l
*
jX
"”
C)
mS
X
100
(fo
r e
lem
ent
X)
(°/o
)
(Xi
/NC
)fo
od
[3]
Bio
acc
umu
lat
ion
fac
tor
(re
lat
ive
to
foo
d)
=
(X/
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HSS
UJ(
X/H
C);
00d
[4]
The
acc
umu
lat
ion
of e
lem
ent
X i
n t
iss
ue
=
XSlm
cd
+ A
’mu
num
d
 
Th
e
as
si
mi
la
ti
on
—e
fﬁ
ci
en
cy
me
th
od
ad
dr
es
se
s
an
as
pe
ct
of
the
tra
nsp
ort
pr
oc
es
s
of
fec
al
pel
let
s
of
or
ga
ni
sm
s e
xc
re
te
d
int
o t
he
wa
te
r c
ol
um
n a
nd
mo
vi
ng
to
lak
e s
ed
im
en
ts
.
Th
e
set
tli
ng
of
par
tic
les
in
the
wa
te
r
co
lu
mn
,
of
wh
ic
h
th
e
fec
al
pel
let
s o
f o
rg
an
is
ms
ar
e a
n i
mp
or
ta
nt
co
mp
on
en
t
of
th
e p
ar
ti
cu
la
te
ma
tt
er
, i
s a
ma
jo
r
tra
nsp
ort
me
ch
an
is
m o
f m
an
y e
le
me
nt
s t
o l
ake
an
d o
ce
an
se
di
me
nt
s.
Th
e m
ar
in
e s
tud
ies
far
ex
ce
ed
in
nu
mb
er
an
d
sc
op
e t
he
stu
die
s o
f t
he
fr
es
hw
at
er
sys
te
ms
. M
os
t o
f t
he
stu
die
s o
fv
ert
ica
l t
ran
spo
rt
of
par
tic
ula
te
ma
tt
er
in
lak
es
ex
am
in
es
diu
rna
l v
ari
ati
ons
in
pl
an
kt
on
mo
ve
me
nt
.
Th
e
es
ti
ma
te
s o
f e
le
me
nt
ﬂu
xe
s
to
se
di
me
nt
s
are
far
mo
re
ad
va
nc
ed
for
ma
ri
ne
pr
og
ra
ms
th
an
for
lak
e p
ro
gr
am
s,
bu
t t
he
me
th
od
ca
n c
ont
rib
ute
to
an
un
de
rs
ta
nd
in
g o
f t
he
settling of particulate matter in lakes.
Th
e c
ho
ic
e o
f c
hr
om
iu
m
as
a r
ef
er
en
ce
el
em
en
t
in
the
exc
re
ti
on
pro
ces
s,
be
ca
us
e c
hr
om
iu
m
ost
ens
ibl
y
ha
s n
o r
ole
in
the
pr
od
uc
ti
on
of
pr
ot
op
la
sm
,
is
que
sti
ona
ble
. C
hr
om
iu
m
ha
s a
rol
e i
n v
ert
ebr
ate
me
ta
bo
li
sm
(se
e
Ch
ro
mi
um
(19
75)
, a
rep
ort
of
a c
om
mi
tt
ee
of
th
e U
ni
te
d
Sta
tes
Na
ti
on
al
Ac
ad
em
y
of
Sci
enc
es)
, b
ut
its
rol
e i
n
inv
ert
ebr
ate
an
d p
lan
t m
et
ab
ol
is
m i
s u
nk
no
wn
.
In
the
lit
era
tur
e o
n a
ssi
mil
ati
on
ef
ﬁc
ie
nc
y,
sta
tis
tic
al
ar
gu
me
nt
s
su
gg
es
t t
hat
on
e c
an
us
e c
hr
om
iu
m
dat
a t
o c
ros
s c
he
ck
the
in
co
rp
or
at
io
n o
f c
ar
bo
n
fr
om
nut
rie
nt
mat
eri
als
fr
om
a chromium to carbon ratio.
11
 A
la
ck
of
c
o
m
p
r
e
h
e
n
s
i
v
e
da
ta
se
ts
Hu
tc
hi
ns
on
(1
97
5)
no
te
d
th
e
we
al
th
of
da
ta
o
n
th
e
el
em
en
ta
l
co
mp
os
it
io
n
of
va
ri
ou
s
sp
ec
ie
s,
bu
t
th
e
co
mp
le
te
ne
ss
o
f
th
e
da
ta
w
a
s
an
ot
he
r
is
su
e.
M
o
s
t
o
f
th
e
av
ai
la
bl
e
ra
di
on
uc
li
de
da
ta
re
fe
r
to
ag
ri
cu
lt
ur
al
cr
op
s
a
n
d
pr
od
uc
ts
b
e
c
a
us
e
of
th
e
re
qu
ir
em
en
t
to
m
o
n
i
t
o
r
th
e
fo
od
su
pp
ly
fo
r
di
re
ct
co
nt
am
in
at
io
n
b
y
ra
di
on
uc
li
de
s
a
n
d
co
nc
er
ns
ab
ou
t
th
e
tr
an
sf
er
of
nu
cl
id
es
f
r
o
m
th
e
at
mo
sp
he
ri
c
fa
ll
ou
t
as
so
ci
at
ed
wi
th
at
mo
sp
he
ri
c
te
st
in
g
of
nu
cl
ea
r
w
e
a
p
o
n
s
du
ri
ng
th
e
19
50
5
a
n
d
19
60
5.
T
w
o
ki
nd
s
of
da
ta
ty
pi
fy
th
e
ra
di
on
uc
li
de
st
ud
ie
s
of
fo
od
st
uf
fs
:
(1
)
ra
di
oa
ct
iv
it
y
m
e
a
s
ur
e
m
e
n
t
s
of
cr
op
s
in
fa
rm
s
ne
ar
th
e
si
te
of
a
nu
cl
id
e
di
sc
ha
rg
e
to
th
e
en
vi
ro
nm
en
t,
es
pe
ci
al
ly
gr
as
s
us
ed
in
an
im
al
fe
ed
s,
th
e
mi
lk
co
nt
en
t
of
lo
ca
l
da
ir
y
ca
tt
le
,
a
n
d
so
me
ti
me
s
ev
en
th
e
fa
rm
an
im
al
s
th
em
se
lv
es
;
a
n
d
(2
)
ra
di
oa
ct
iv
it
y
m
e
a
s
ur
e
m
e
n
t
s
on
cr
op
s
th
at
ha
ve
be
en
de
li
be
ra
te
ly
g
r
o
w
n
ei
th
er
o
n
ra
di
oa
ct
iv
el
y
co
nt
am
in
at
ed
or
a
m
e
n
d
e
d
so
il
or
tr
ea
te
d
wi
th
ra
di
oa
ct
iv
el
y
co
nt
am
in
at
ed
or
a
m
e
n
d
e
d
fe
rt
il
iz
er
s.
Pe
ri
od
ic
al
ly
,
se
le
ct
ed
g
o
ve
r
n
m
e
n
t
ag
en
ci
es
sc
re
en
th
e
pr
od
uc
e
an
d
me
at
s
at
se
le
ct
ed
st
or
es
at
lo
ca
ti
on
s
ei
th
er
ne
ar
ar
ea
s
re
ce
iv
in
g
nu
cl
id
e
di
sc
ha
rg
es
or
th
at
re
ce
iv
e
th
ei
r
pr
od
uc
e
fr
om
ar
ea
s
ne
ar
pl
ac
es
of
nu
cl
id
e
di
sc
ha
rg
es
.
A
th
ir
d
ki
nd
of
da
ta
c
o
m
e
s
f
r
o
m
"g
eo
bo
ta
ni
ca
l
pr
os
pe
ct
in
g.
"
Ce
rt
ai
n
pl
an
t
sp
ec
ie
s
ar
e
ca
ll
ed
"a
cc
um
ul
at
or
s"
be
ca
us
e
th
ey
se
le
ct
iv
el
y
ac
cu
mu
la
te
ce
rt
ai
n
el
em
en
ts
a
n
d
en
ab
le
s
a
pe
rs
on
to
in
fe
r
a
ge
ol
og
ic
al
re
so
ur
ce
by
vi
rt
ue
of
th
e
pr
es
en
ce
of
th
e
pl
an
ts
.
Ge
ob
ot
an
ic
al
pr
os
pe
ct
in
g
wa
s
us
ed
su
cc
es
sf
ul
ly
to
lo
ca
te
ex
pl
oi
ta
bl
e
so
ur
ce
s
of
ur
an
iu
m,
li
th
iu
m,
go
ld
,
an
d
si
lv
er
.
Pr
io
r
to
Hu
tc
hi
ns
on
's
tr
ea
ti
se
(1
97
5)
,
th
er
e
we
re
lf
ew
co
mp
re
he
ns
iv
e
da
ta
se
ts
fo
r
in
or
ga
ni
c
el
em
en
ts
in
fr
es
hw
at
er
aq
ua
ti
c
or
ga
ni
sm
s,
an
d
no
ne
of
th
em
we
re
fo
r
Gr
ea
t
La
ke
s
bi
ot
a.
T
h
e
mo
st
co
mp
re
he
ns
iv
e
da
ta
c
a
m
e
fr
om
st
ud
ie
s
by
Co
wg
il
l
(1
97
0,
19
73
a,
19
73
b,
19
74
a,
19
74
b)
,
wh
ic
h
Hu
tc
hi
ns
on
ci
te
d
ex
te
ns
iv
el
y.
M
o
s
t
of
th
e
da
ta
se
ts
fo
r
th
e
el
em
en
ta
l
co
mp
os
it
io
n
of
aq
ua
ti
c
sp
ec
ie
s
ci
te
d
in
th
e
li
te
ra
tu
re
of
ra
di
oc
he
mi
st
ry
an
d
ra
di
ob
io
lo
gy
we
re
fo
r
ma
ri
ne
or
ga
ni
sm
s.
F
r
o
m
a
ra
di
oc
he
mi
ca
l
pe
rs
pe
ct
iv
e,
th
e
si
tu
at
io
n
lo
gi
ca
ll
y
fo
ll
ow
ed
fr
om
th
e
kn
ow
le
dg
e
th
at
th
e
oc
ea
ns
we
re
th
e
ma
in
re
po
si
to
ri
es
fo
r
m
a
n
y
of
th
e
nu
cl
id
es
,
es
pe
ci
al
ly
th
os
e
fr
om
at
mo
sp
he
ri
c
fa
ll
ou
t
or
di
sc
ha
rg
ed
to
ri
ve
rs
an
d
es
tu
ar
ie
s
an
d
ca
rr
ie
d
do
wn
st
re
am
to
th
e
oc
ea
ns
.
T
h
e
ne
ed
fo
r
ri
sk
as
se
ss
me
nt
s
fo
r
ra
di
on
uc
li
de
s
to
h
um
a
n
s
re
qu
ir
ed
da
ta
on
fo
od
st
uf
fs
,
an
d
th
is
ca
us
ed
an
em
ph
as
is
on
th
os
e
ma
ri
ne
fi
sh
es
an
d
sh
el
lf
is
he
s
ha
rv
es
te
d
fo
r
h
u
m
a
n
co
ns
um
pt
io
n.
Th
us
,
th
e
ea
rl
y
in
ve
st
ig
at
or
s
of
aq
ua
ti
c
sy
st
em
s
(e
. g
.,
Vi
no
gr
ad
ov
19
53
;
B
o
w
e
n
et
al
.
19
71
)
fo
cu
se
d
on
nu
cl
id
e
up
ta
ke
by
ma
ri
ne
bi
ot
a.
Co
nc
er
n
fo
r
fr
es
hw
at
er
sp
ec
ie
s
ha
s
re
ce
nt
ly
in
cr
ea
se
d,
bu
t
th
e
mo
ti
va
ti
on
c
o
m
e
s
fr
om
th
e
de
si
re
to
un
de
rs
ta
nd
th
e
to
xi
co
lo
gy
of
th
e
el
em
en
ts
an
d
th
ei
r
en
vi
ro
nm
en
ta
l
ef
fe
ct
s
an
d
no
t
fr
om
an
y
in
te
re
st
in
bi
oa
cc
um
ul
at
io
n
pr
oc
es
se
s.
Bi
oa
cc
um
ul
at
io
n
pr
oc
es
se
s
b
e
c
a
m
e
a
re
se
ar
ch
pr
io
ri
ty
wi
th
th
e
di
sc
ov
er
y
th
at
se
ve
ra
l
ty
pe
s
of
or
ga
ni
c
co
mp
ou
nd
s
be
ca
me
bi
om
ag
ni
fi
ed
as
th
ey
cy
cl
ed
th
ro
ug
h
ec
os
ys
te
ms
vi
a
fo
od
we
bs
.
Th
es
e
co
mp
ou
nd
s
we
re
li
st
ed
un
de
r
th
e
Gr
ea
t
La
ke
s
Wa
te
r
Qu
al
it
y
Ag
re
em
en
t
of
19
78
as
"p
er
si
st
en
t
to
xi
c
ch
em
ic
al
s.
"
A
fe
w
in
or
ga
ni
c
el
em
en
ts
be
lo
ng
to
th
e
ca
te
go
ry
of
pe
rs
is
te
nt
to
xi
c
ch
em
ic
al
s:
me
rc
ur
y,
ca
dm
iu
m,
an
d
ar
se
ni
c.
Pr
e-
19
70
da
ta
on
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n
St
ud
ie
s
of
ma
ri
ne
bi
ot
a
ha
ve
th
e
pr
od
uc
ed
mo
st
of
th
e
hi
gh
-q
ua
li
ty
bi
oa
cc
um
ul
at
io
n
da
ta
th
at
ar
e
gi
ve
n
in
th
e
ta
bl
es
an
d
co
mp
il
at
io
ns
of
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
fi
ca
ti
on
fa
ct
or
s
fo
un
d
in
th
e
te
ch
ni
ca
l
li
te
ra
tu
re
.
Ma
ri
ne
da
ta
ar
e
al
so
a
m
o
n
g
th
e
ol
de
st
da
ta
,
wi
th
m
a
n
y
ci
ta
ti
on
s
to
tw
o
of
th
e
mo
st
wi
de
ly
ac
ce
pt
ed
an
d
us
ed
re
fe
re
nc
es
:
th
e
vo
lu
me
by
th
e
Un
it
ed
St
at
es
Na
ti
on
al
A
c
a
d
e
m
y
of
Sc
ie
nc
es
(1
97
1)
,
Ra
di
oa
ct
iv
it
y
in
th
e
Ma
ri
ne
En
vi
ro
nm
en
t
an
d
th
e
re
po
rt
by
C
h
a
p
m
a
n
et
al
.
(1
97
7)
,
Co
nc
en
tr
at
io
n
Fa
ct
or
s
of
Ch
em
ic
al
El
em
en
ts
in
Ed
ib
le
Aq
ua
ti
c
Or
ga
ni
sm
s
(U
CR
L—
50
56
4)
.
Ta
bl
e
2
su
mm
ar
iz
es
th
e
da
ta
of
Ch
ap
ma
n
an
d
co
wo
rk
er
s.
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n
n
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‘
V
V
V
L
l
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\
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1
\
l
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\
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‘
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‘
\
‘
l
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TABLE 2
F
R
E
S
H
W
A
T
E
R
B
I
O
A
C
C
U
M
U
L
A
T
I
O
N
F
A
C
T
O
R
S
F
O
R
V
A
R
I
O
U
S
E
L
E
M
E
N
T
S
(b
as
ed
on
C
h
a
p
m
a
n
et
a1
.
(1
97
7)
—
UC
RL
-5
05
64
)
El
em
en
t
Pl
an
ts
In
ve
rt
eb
ra
te
s
Fi
sh
es
So
di
um
20
0
30
30
Ch
ro
mi
um
40
00
20
00
20
0
Ma
ng
an
es
e
10
,0
00
40
,0
00
20
Ir
on
50
00
30
00
30
0
Co
ba
lt
10
00
20
00
50
0
Ni
ck
el
10
0
10
0
40
Zi
nc
40
00
40
,0
00
10
00
Si
lv
er
20
0
30
00
30
00
Tu
ng
st
en
3O
30
1
Ru
bi
di
um
10
00
20
00
20
00
St
ro
nt
iu
m
50
0
70
0
40
Yt
tr
iu
m
10
,0
00
10
00
10
0
Zi
rc
on
iu
m
10
,0
00
10
00
10
0
Ni
ob
iu
m
10
00
10
0
30
,0
00
Mo
ly
bd
en
um
10
0
10
0
10
0
Ph
os
ph
or
us
10
0,
00
0
10
0,
00
0
10
0,
00
0
Ru
th
en
iu
m
20
00
20
00
10
0
Rh
od
iu
m
20
00
20
00
10
0
An
ti
mo
ny
——
20
00
40
Te
ll
ur
iu
m
20
0
20
0
40
0
Io
di
ne
10
0
20
4
Ce
si
um
30
0
10
00
10
00
Ba
ri
um
50
0
20
0
10
Ra
re
ea
rt
hs
10
,0
00
10
00
10
0
(Ce, La, Nd, Pr)
Ne
pt
un
iu
m
10
00
30
0
10
,0
00
Pr
om
et
hi
um
10
,0
00
10
00
20
0
Tr
it
iu
m
l
l
1
No
te
s:
Th
e
fa
ct
or
s
ar
e
ba
se
d
on
ra
di
on
uc
li
de
up
ta
ke
re
la
ti
ve
to
th
e
wa
te
r.
Bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
ba
se
d
on
th
e
co
ns
nm
pt
io
n
of
pl
an
ts
an
d
in
ve
rt
eb
ra
te
s,
or
on
or
ga
ni
sm
s
fo
un
d
in
be
nt
hi
c
or
se
di
me
nt
en
vi
ro
nm
en
ts
re
la
ti
ve
to
th
e
se
di
me
nt
s
ar
e
no
t
gi
ve
n.
Bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
ar
e
re
fe
rr
ed
di
re
ct
ly
to
wa
te
r,
no
t
to
th
e
lo
we
r
tr
op
hi
c
le
ve
l
of
an
im
pl
ie
d
fo
od
ch
ai
n.
Th
er
ef
or
e,
to
es
ti
ma
te
bi
om
ag
ni
ﬁc
at
io
n
fa
ct
or
s,
on
e
mu
st
ta
ke
th
e
ra
ti
o
of
th
e
da
ta
in
a
gi
ve
n
co
lu
mn
to
th
e
ra
ti
o
of
th
e
co
lu
mn
wh
ic
h
is
at
its
le
ft
(t
he
pr
ec
ed
in
g
co
lu
mn
).
T
h
e
T
a
s
k
Fo
rc
e
em
ph
as
iz
es
th
e
fo
ll
ow
in
g
im
po
rt
an
t
ca
ve
at
s
an
d
co
mm
en
ta
ri
es
a
c
c
o
m
p
a
n
yi
n
g
th
e
ta
bl
es
in
Ra
di
oa
ct
iv
it
y
in
th
e
M
a
r
i
n
e
En
vi
ro
nm
en
t
(1
97
1)
:
(l
)
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
ty
pi
ca
ll
y
ha
ve
an
or
de
r
of
ma
gn
it
ud
e
un
ce
rt
ai
nt
y;
(2
)
th
e
ta
bl
es
d
o
no
t
co
ns
id
er
di
ff
er
en
ce
s
be
tw
ee
n
ne
ar
sh
or
e
an
d
op
en
-o
ce
an
en
vi
ro
nm
en
ts
,
su
rf
ac
e
wa
te
rs
an
d
bo
tt
om
wa
te
rs
or
gr
ad
ie
nt
s
of
ch
em
ic
al
s
in
th
e
wa
te
r
co
lu
mn
,
no
r
th
e
en
vi
ro
nm
en
ta
l
gr
ad
ie
nt
s
of
sa
li
ni
ty
in
es
tu
ar
ie
s;
an
d
(3
)
da
ta
do
no
t
ac
co
un
t
fo
r
di
ff
er
en
t
el
em
en
ta
l
se
ns
it
iv
it
ie
s
be
tw
ee
n
li
fe
st
ag
es
of
or
ga
ni
sm
s.
T
h
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
in
th
es
e
ta
bl
es
ca
rr
y
an
in
he
re
nt
un
ce
rt
ai
nt
y
of
1
0
0
0
%
or
mo
re
,
wh
i
c
h
m
a
y
pr
op
ag
at
e
er
ro
rs
w
h
e
n
th
es
e
fa
ct
or
s
ar
e
us
ed
in
ma
th
em
at
ic
al
mo
de
ls
of
ec
ol
og
ic
al
up
ta
ke
,
tr
an
sp
or
t,
di
st
ri
bu
ti
on
,
an
d
sp
ec
ie
s
in
te
ra
ct
io
ns
.
T
h
e
us
e
of
ma
ri
ne
bi
oa
cc
um
ul
at
io
n
da
ta
to
de
ve
lo
p
in
ve
nt
or
ie
s
fo
r
ra
di
on
uc
li
de
s
in
fr
es
hw
at
er
bi
ot
a
of
th
e
Gr
ea
t
La
ke
s
ra
di
on
uc
li
de
s
ha
s
se
ve
re
li
mi
ta
ti
on
s.
Oc
ea
ns
di
ff
er
fr
om
la
ke
s
in
th
ei
r
hy
dr
od
yn
am
ic
re
gi
me
s,
ch
em
ic
al
co
mp
os
it
io
ns
(e
sp
ec
ia
ll
y
wi
th
re
ga
rd
to
sa
li
ni
ty
),
sp
ec
ie
s
ar
ra
y,
an
d
fo
od
w
e
b
dy
na
mi
cs
.
T
h
e
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
fi
ca
ti
on
pa
tt
er
ns
fo
r
ma
ri
ne
fo
od
we
b
s
te
nd
to
s
h
o
w
a
st
ro
ng
up
ta
ke
of
ch
em
ic
al
s
at
th
e
pr
im
ar
y
pr
od
uc
er
le
ve
l
(a
lg
ae
),
fu
rt
he
r
up
ta
ke
in
fi
rs
t-
le
ve
l
co
ns
um
er
s
(m
os
t
zo
op
la
nk
to
n
in
th
e
fo
rm
of
13
 E
u
p
h
a
u
s
i
a
d
s
a
n
d
ca
la
no
id
co
pe
po
ds
,
a
n
d
be
nt
ho
s
in
th
e
f
o
r
m
o
f
mo
ll
us
cs
a
n
d
m
a
r
i
n
e
w
o
r
m
s
)
,
a
n
d
fu
rt
he
r
up
ta
ke
a
n
d
ac
cu
mu
la
ti
on
in
se
co
nd
ar
y
c
o
n
s
u
m
e
r
s
(ﬁ
sh
es
,
bi
rd
s,
a
n
d
se
a
m
a
m
m
a
l
s
)
.
L
a
k
e
s
of
te
n
s
h
o
w
a
di
ff
er
en
t
pa
tt
er
n
of
up
ta
ke
a
n
d
ac
cu
mu
la
ti
on
at
th
e
fi
rs
t
c
o
n
s
u
m
e
r
le
ve
l
o
f
zo
o
p
l
a
n
k
t
o
n
cr
us
ta
ce
a,
pr
ot
oz
oa
,
a
n
d
in
se
ct
s.
In
se
ct
s
ex
hi
bi
t
th
e
m
o
s
t
di
sc
ri
mi
na
ti
on
in
th
ei
r
u
p
t
a
k
e
a
n
d
re
te
nt
io
n
o
f
c
h
e
m
i
c
a
l
s
f
r
o
m
th
ei
r
fo
od
.
In
se
ct
s
al
so
d
o
m
i
n
a
t
e
th
e
in
ve
rt
eb
ra
te
fa
un
a
o
f
m
o
s
t
la
ke
s
a
n
d
ri
ve
rs
.
E
xc
e
p
t
fo
r
ce
rt
ai
n
L
e
p
i
d
o
p
t
e
r
a
a
n
d
es
tu
ar
in
e
Co
ri
xi
da
e,
in
se
ct
s
ar
e
ve
ry
ra
re
or
ab
se
nt
f
r
o
m
m
a
r
i
n
e
sy
st
em
s.
O
t
h
e
r
be
nt
hi
c
sp
ec
ie
s
ex
pr
es
s
fo
od
pr
ef
er
en
ce
s
a
n
d
di
sc
ri
mi
na
to
ry
be
ha
vi
or
s
in
bi
oa
cc
um
ul
at
io
n
a
n
d
re
te
nt
io
n
o
f
va
ri
ou
s
el
em
en
ts
a
n
d
c
o
m
p
o
u
n
d
s
.
Hu
tc
hi
ns
on
’
s
(1
99
5)
ca
ut
io
ns
a
n
d
c
o
m
m
e
n
t
s
o
n
th
e
ve
ge
ta
ti
ve
pr
ef
er
en
ce
s
o
f
fr
es
hw
at
er
ga
st
ro
po
ds
ar
e
no
te
d
he
re
.
T
h
e
up
ta
ke
,
re
te
nt
io
n,
a
n
d
bi
oa
cc
um
ul
at
io
n
o
f
in
di
vi
du
al
el
em
en
ts
wi
th
in
ti
ss
ue
s
d
o
no
t
oc
cu
r
in
de
pe
nd
en
tl
y
of
on
e
an
ot
he
r.
El
em
en
ts
m
o
v
e
co
he
re
nt
ly
wi
th
th
e
up
ta
ke
,
re
te
nt
io
n,
me
ta
bo
li
sm
,
an
d
ex
cr
et
io
n
of
on
e
el
em
en
t
de
pe
nd
en
t
o
n
ot
he
r
el
em
en
ts
.
W
h
e
n
an
el
em
en
t'
s
ba
si
c
ch
em
is
tr
y
de
pe
nd
s
o
n
or
is
af
fe
ct
ed
b
y
le
ve
ls
of
so
di
um
,
ca
lc
iu
m,
ch
lo
ri
de
,
ca
rb
on
at
e,
a
n
d
su
lf
at
e
io
ns
,
th
e
bi
ou
pt
ak
e
pr
oc
es
se
s
wi
ll
s
h
o
w
m
a
j
o
r
di
ff
er
en
ce
s
an
d
gr
ad
ie
nt
s
a
m
o
n
g
fr
es
hw
at
er
,
es
tu
ar
in
e,
br
ac
ki
sh
,
an
d
he
av
il
y
sa
li
ne
or
ma
ri
ne
wa
te
rs
.
Ca
lc
iu
m
co
nt
ro
l
pa
ra
di
gm
T
h
e
T
a
s
k
Fo
rc
e
e
x
a
m
i
n
e
d
da
ta
o
n
th
e
di
st
ri
bu
ti
on
o
f
el
em
en
ts
in
bo
th
th
e
e
n
vi
r
o
n
m
e
n
t
a
n
d
wi
th
in
bi
ot
a
fo
r
bo
th
ra
di
oa
ct
iv
e
a
n
d
st
ab
le
is
ot
op
es
o
f
m
a
n
y
el
em
en
ts
a
n
d
no
te
d
th
ei
r
be
ha
vi
or
in
hi
gh
-
a
n
d
l
o
w—
c
a
l
c
i
um
en
vi
ro
nm
en
ts
.
Th
es
e
en
vi
ro
nm
en
ts
m
a
y
be
ex
te
rn
al
(l
ak
e
wa
te
rs
or
la
ke
se
di
me
nt
s)
or
in
te
rn
al
(c
el
l
co
nt
en
ts
or
ti
ss
ue
di
st
ri
bu
ti
on
s)
.
Co
nc
en
tr
at
io
ns
of
ca
lc
iu
m
ap
pe
ar
to
co
rr
el
at
e
an
d
in
te
rp
re
t
m
a
n
y
of
th
e
ob
se
rv
ed
si
tu
at
io
ns
an
d
re
su
lt
s.
Th
is
ap
pl
ie
s
to
el
em
en
ts
va
ry
in
g
f
r
o
m
b
a
r
i
um
a
n
d
ph
os
ph
or
us
to
ce
ri
um
a
n
d
la
nt
ha
nu
m.
It
ap
pe
ar
s
th
at
ca
lc
iu
m
co
nt
ro
ls
th
e
li
mn
ol
og
ic
al
be
ha
vi
or
of
m
a
n
y
ot
he
r
el
em
en
ts
,
es
pe
ci
al
ly
wi
th
re
ga
rd
to
bi
oa
cc
um
ul
at
io
n
an
d
cy
cl
in
g
th
ro
ug
h
bi
ot
ic
co
mm
un
it
ie
s
an
d
ec
os
ys
te
ms
.
Th
is
le
d
th
e
T
a
s
k
Fo
rc
e
to
pr
op
os
e
a
ca
lc
iu
m
co
nt
ro
l
paradigm.
Ca
lc
iu
m
wi
th
in
bi
ot
a
in
te
ra
ct
s
wi
th
ho
rm
on
es
,
an
d
be
ca
us
e
it
us
ua
ll
y
ex
is
ts
in
io
ni
c
fo
rm
it
ca
n
ac
ti
va
te
or
in
te
ra
ct
wi
th
io
ni
c
ch
an
ne
ls
.
Ot
he
r
el
em
en
ts
th
at
ca
n
ac
ti
va
te
io
ni
c
ch
an
ne
ls
ar
e
so
di
um
,
po
ta
ss
iu
m,
ma
gn
es
iu
m.
an
d
ch
lo
ri
ne
as
th
e
ch
lo
ri
de
io
n.
T
h
e
im
po
ve
ri
sh
ed
so
di
um
co
nt
en
t
of
fr
es
h
wa
te
rs
pr
ec
lu
de
s
th
is
el
em
en
t
fr
om
ex
er
ti
ng
th
e
ki
nd
of
wi
de
sp
re
ad
co
nt
ro
l
ne
ed
ed
be
ca
us
e
or
ga
ni
sm
ad
ap
ta
ti
on
s
fo
r
lo
w
so
di
um
ha
ve
em
ph
as
iz
ed
ce
ll
os
mo
ti
c
pr
es
su
re
.
T
h
e
si
ng
le
pr
ot
on
ch
ar
ge
li
mi
ts
so
di
um
’s
im
pa
ct
on
ce
ll
sy
st
em
s
re
la
ti
ve
to
th
e
ca
lc
iu
m
io
n’
s
di
va
le
nt
ch
ar
ge
.
S
o
d
i
um
al
so
in
te
ra
ct
s
wi
th
ve
ry
fe
w
bi
om
ol
ec
ul
es
.
In
ma
ri
ne
sy
st
em
s,
th
e
en
vi
ro
nm
en
ta
l
ex
ce
ss
of
so
di
um
in
du
ce
d
ev
ol
ut
io
na
ry
ch
an
ge
s
to
re
je
ct
th
e
el
em
en
t
fr
om
m
a
n
y
ce
ll
ul
ar
sy
st
em
s
to
ma
in
ta
in
ce
ll
ul
ar
os
mo
ti
c
pr
es
su
re
.
Po
ta
ss
iu
m
oc
cu
rs
in
re
la
ti
ve
ly
li
mi
te
d
qu
an
ti
ti
es
in
th
e
na
tu
ra
l
li
th
os
ph
er
e,
al
th
ou
gh
ab
ou
t
4
0
%
of
th
e
ra
di
oa
ct
iv
it
y
of
bi
ot
a
co
me
s
fr
om
th
e
na
tu
ra
ll
y
oc
cu
rr
in
g
ra
di
on
uc
li
de
,
40
K.
A
n
y
co
ns
id
er
at
io
n
of
po
ta
ss
iu
m
sh
ou
ld
be
un
de
rt
ak
en
on
ly
af
te
r
el
im
in
at
io
n
of
ot
he
r
co
nt
ro
l
el
em
en
t
po
ss
ib
il
it
ie
s.
T
h
e
ch
lo
ri
de
io
n
is
th
e
ma
jo
r
ne
ga
ti
ve
io
n
bu
t
ha
s
li
tt
le
ef
fe
ct
on
ce
ll
ul
ar
pH
.
T
h
e
ot
he
r
ma
jo
r
ne
ga
ti
ve
io
ns
(h
yd
ro
xi
de
,
bi
ca
rb
on
at
e,
an
d
ph
os
ph
at
e)
,
th
ro
ug
h
co
mp
le
x
eq
ui
li
br
iu
m
re
la
ti
on
sh
ip
s
in
ce
ll
ﬂu
id
s,
ma
in
ly
af
fe
ct
ce
ll
pH
.
Ch
lo
ri
de
se
rv
es
ma
in
ly
to
pr
ov
id
e
th
e
ap
pr
op
ri
at
e
el
ec
tr
on
eu
tr
al
it
y
of
bi
ol
og
ic
al
sy
st
em
s.
In
ce
rt
ai
n
ma
ri
ne
te
le
os
t
fi
sh
es
,
th
e
ch
lo
ri
de
io
n
wo
rk
s
wi
th
th
e
bi
ca
rb
on
at
e
io
n
to
ma
in
ta
in
os
mo
ti
c
pr
es
su
re
.
M
a
g
n
e
s
i
u
m
pl
ay
s
an
im
po
rt
an
t
bi
oc
he
mi
ca
l
ro
le
,
bu
t
ag
ai
n,
it
s
li
mi
te
d
ge
oc
he
mi
ca
l
oc
cu
rr
en
ce
m
a
k
e
s
it
a
le
ss
er
ca
nd
id
at
e
fo
r
ex
er
ti
ng
wi
de
sp
re
ad
bi
ol
og
ic
al
co
nt
ro
ls
.
Ma
gn
es
iu
m
is
a
co
fa
ct
or
in
me
ta
bo
li
c
re
ac
ti
on
s
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A
A
M
M
“
\ 
i
l
l
ﬁ
i
l
ﬁ
l
l
l
“
‘
\
\
\
l
\
l
,
\
l
\
.
\
\
l
‘
l
‘
l
‘
\
\
\
‘
l
‘
l
‘
l
‘
l
‘
\
‘
l
‘
l
‘
l
‘
l
‘
l
‘
l
‘
‘
‘
\
'
I
\
‘
\
ra
th
er
th
an
th
ro
ug
h
th
e
op
er
at
io
n
of
ho
rm
on
al
ca
sc
ad
es
.
Ma
gn
es
iu
m
al
so
fo
rm
s
m
a
n
y
co
va
le
nt
or
ga
no
-m
ag
ne
si
um
co
mp
ou
nd
s
(e
. g
.,
th
e
cl
as
si
ca
l
Gr
ig
na
rd
re
ag
en
ts
)
mo
re
th
an
do
es
ca
lc
iu
m.
C
a
l
c
i
um
is
th
e
m
o
s
t
wi
de
sp
re
ad
in
or
ga
ni
c
io
n
in
th
e
li
th
os
ph
er
e.
It
,
al
on
g
wi
th
m
a
g
n
e
s
i
um
,
se
ts
th
e
“h
ar
dn
es
s”
of
th
e
fr
es
hw
at
er
en
vi
ro
nm
en
t
th
ro
ug
h
it
s
pr
es
en
ce
as
a
ca
rb
on
at
e
a
n
d
pr
es
cr
ib
es
th
e
“a
lk
al
in
it
y”
of
th
e
ma
ri
ne
en
vi
ro
nm
en
t
th
ro
ug
h
it
s
pr
es
en
ce
as
a
ca
rb
on
at
e
or
su
lf
at
e.
It
s
wi
de
sp
re
ad
pr
es
en
ce
in
th
e
ma
ri
ne
en
vi
ro
nm
en
t
pr
ov
id
es
th
e
ma
jo
r
ca
ti
on
to
ne
ut
ra
li
ze
a
di
va
le
nt
su
lf
at
e
an
io
n.
T
h
e
ea
rl
y
hi
st
or
y
of
wa
te
r-
qu
al
it
y
cr
it
er
ia
no
te
d
th
at
“h
ar
d”
wa
te
rs
of
te
n
of
fe
re
d
or
ga
ni
sm
s
gr
ea
te
r
pr
ot
ec
ti
on
fr
om
th
e
to
xi
ci
ty
of
he
av
y
me
ta
ls
th
an
so
ft
wa
te
rs
.
Ca
lc
iu
m
bl
oc
ks
th
e
to
xi
ci
ty
of
ni
ck
el
,
co
pp
er
,
zi
nc
,
ir
on
,
an
d
c
a
d
m
i
u
m
by
in
cr
ea
si
ng
th
e
p
H
of
th
e
m
e
d
i
u
m
to
th
e
po
in
t
wh
er
e
th
es
e
me
ta
ls
re
ma
in
in
pr
ec
ip
it
at
ed
fo
rm
as
su
lf
at
e,
ca
rb
on
at
e,
or
ot
he
r
sa
lt
s.
Ca
lc
iu
m
io
n
pr
ov
id
es
th
e
ma
jo
r
bu
ff
er
in
g
ca
pa
ci
ty
of
la
ke
s
ag
ai
ns
t
ac
id
ic
pr
ec
ip
it
at
io
n.
Ca
lc
iu
m
al
so
bl
oc
ks
th
e
re
ce
pt
or
si
te
s
th
at
ar
e
ea
si
ly
at
ta
ck
ed
by
th
es
e
he
av
y
me
ta
ls
in
a
ma
nn
er
co
mp
ar
ab
le
wi
th
th
e
w
a
y
po
ta
ss
iu
m
io
di
de
ta
bl
et
s
bl
oc
k
si
te
s
in
th
e
th
yr
oi
d
ag
ai
ns
t
ra
di
oa
ct
iv
e
io
di
ne
—-
th
ro
ug
h
sa
tu
ra
ti
on
by
a
co
mp
et
it
iv
e
at
om
,
a
“m
as
s
ac
ti
on
la
w”
ef
fe
ct
.
Th
us
,
ca
lc
iu
m
ou
ts
id
e
an
d
ca
lc
iu
m
in
si
de
th
e
ce
ll
ul
ar
environment protect biota.
In
th
e
ea
rl
y
hi
st
or
y
of
li
mn
ol
og
y,
wa
te
rs
we
re
cl
as
si
ﬁe
d
ba
se
d
on
th
ei
r
ha
rd
ne
ss
.
A
s
Ba
lm
en
t
an
d
He
nd
er
so
n
(1
98
7)
no
te
d,
th
e
n
um
b
e
r
of
sp
ec
ie
s
of
te
n
fo
un
d
in
fr
es
hw
at
er
sy
st
em
s
an
d
th
ei
r
bi
om
as
s
co
rr
el
at
e
wi
th
th
e
ca
lc
iu
m
le
ve
ls
of
th
e
en
vi
ro
nm
en
t,
pr
ov
id
in
g
se
le
ct
ed
ad
ve
rs
e
fa
ct
or
s
ar
e
mi
ss
in
g.
Al
so
,
th
e
up
ta
ke
of
a
ra
di
oa
ct
iv
e
fo
rm
of
an
el
em
en
t
of
te
n
de
pe
nd
s
on
th
e
ex
is
ti
ng
ac
cu
mu
la
ti
on
of
a
no
nr
ad
io
ac
ti
ve
fo
rm
of
th
e
sa
me
el
em
en
t
(k
no
wn
as
th
e
"c
ar
ri
er
"
ef
fe
ct
),
a
c
o
m
m
o
n
ex
am
pl
e
be
in
g
ra
di
on
uc
li
de
s
of
io
di
ne
.
T
h
e
co
ns
um
pt
io
n
of
po
ta
ss
iu
m
io
di
de
by
h
u
m
a
n
s
to
pr
ot
ec
t
ag
ai
ns
t
up
ta
ke
of
ra
di
oa
ct
iv
e
io
di
ne
is
a
st
an
da
rd
pr
ac
ti
ce
fo
ll
ow
in
g
a
nu
cl
ea
r
in
ci
de
nt
or
up
on
ex
po
su
re
to
ra
di
on
uc
li
de
s
as
ra
di
oi
od
in
e
is
a
th
yr
oi
d
carcinogen.
Ba
se
d
on
th
e
pr
ev
io
us
di
sc
us
si
on
,
th
e
fo
ll
ow
in
g
el
em
en
ts
wo
ul
d
li
ke
ly
be
ha
ve
di
ff
er
en
tl
y
in
th
ei
r
up
ta
ke
by
fr
es
hw
at
er
la
ke
bi
ot
a
re
la
ti
ve
to
ma
ri
ne
bi
ot
a:
io
di
ne
,
br
om
in
e,
si
lv
er
,
zi
nc
,
ce
si
um
,
ru
bi
di
um
,
ba
ri
um
,
st
ro
nt
iu
m,
ma
ng
an
es
e,
co
ba
lt
,
ir
on
,
mo
ly
bd
en
um
,
su
lf
ur
,
se
le
ni
um
,
an
d
la
nt
ha
nu
m.
Co
mp
li
ca
ti
ng
th
e
pi
ct
ur
e
is
th
e
la
rg
e—
sc
al
e
ch
em
ic
al
po
ll
ut
io
n
of
th
e
oc
ea
ns
an
d
th
e
Gr
ea
t
La
ke
s.
Th
e
do
cu
me
nt
at
io
n
fr
om
nu
cl
ea
r
po
we
r
pl
an
ts
on
th
e
pr
es
um
ed
be
ha
vi
or
of
nu
cl
id
es
fo
ll
ow
in
g
di
sc
ha
rg
e
in
to
th
e
en
vi
ro
nm
en
t
ha
s
us
ua
ll
y
ig
no
re
d
th
e
ex
is
ti
ng
po
ll
ut
io
n
pr
ob
le
ms
an
d
us
ed
es
ti
ma
te
s
ba
se
d
on
ma
th
em
at
ic
al
mo
de
ls
wi
th
th
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s
fr
om
ta
bl
es
de
ri
ve
d
fr
om
st
ud
ie
s
of
th
e
ma
ri
ne
or
ga
ni
sm
s.
Nu
cl
id
es
“i
n”
an
d
nu
cl
id
es
“o
n”
or
ga
ni
sm
s
A
n
in
te
re
st
in
g
pr
ob
le
m
in
st
ud
yi
ng
bi
oa
cc
um
ul
at
io
n
of
ra
di
on
uc
li
de
s
is
to
di
st
in
gu
is
h
be
tw
ee
n
nu
cl
id
es
"o
n"
th
e
or
ga
ni
sm
an
d
nu
cl
id
es
"i
n"
th
e
or
ga
ni
sm
.
O
n
me
an
s
on
th
e
su
rf
ac
e;
in
me
an
s
in
si
de
th
e
or
ga
ni
sm
,
ei
th
er
in
ti
ss
ue
as
a
fr
ee
nu
cl
id
e
or
bo
un
d
to
so
me
pr
ot
ei
n
or
re
ce
pt
or
.
Nu
cl
id
es
on
an
or
ga
ni
sm
mi
gh
t
be
"l
oo
se
"
an
d
ea
si
ly
wa
sh
ed
of
f,
or
th
ey
m
a
y
be
bo
un
d
to
th
e
su
rf
ac
e
be
ca
us
e
of
th
e
se
cr
et
io
n
of
so
me
ad
he
si
ve
ty
pe
of
bi
ol
og
ic
al
ma
te
ri
al
.
Th
e
fo
ll
ow
in
g
ar
e
so
me
sp
ec
if
ic
ex
am
pl
es
.
(1
)
Si
li
co
n.
Th
is
el
em
en
t
is
a
fu
nd
am
en
ta
l
co
mp
on
en
t
of
th
e
fr
us
tu
le
s
of
di
at
om
s,
an
d
re
ma
in
s
as
a
fo
ss
il
re
co
rd
of
th
e
sp
ec
ie
s.
M
a
n
y
di
at
om
s
ar
e
ep
ip
hy
te
s
on
ot
he
r
su
bs
tr
at
es
,
in
cl
ud
in
g
ma
cr
op
hy
te
s
an
d
st
al
ke
d
al
ga
l
sp
ec
ie
s.
Ve
ry
hi
gh
si
li
ca
an
al
ys
es
m
a
y
re
pr
es
en
t
th
e
su
rf
ac
e
co
nt
am
in
at
io
n
of
si
li
ca
by
di
at
om
frustules.
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 (2
)
Ca
lc
iu
m.
Ca
lc
iu
m u
su
al
ly
oc
cu
rs
as
th
e
ca
rb
on
at
e i
n f
re
sh
wa
te
r s
ys
te
ms
.
As
fr
es
hw
at
er
or
ga
ni
sm
s r
es
pi
te
,
th
ey
ex
cr
et
e
ca
rb
on
di
ox
id
e
in
to
th
e
aq
ua
ti
c
me
di
um
.
Th
e
ca
rb
on
di
ox
id
e
th
en
un
de
rg
oe
s
th
e
ch
em
ic
al
re
ac
ti
on
s
of
th
e
"c
ar
bo
na
te
eq
ui
li
br
iu
m"
to
pr
od
uc
e
ca
rb
on
at
e
io
n,
wh
ic
h
ti
es
up
ca
lc
iu
m
io
n.
So
me
ca
lc
iu
m
ca
rb
on
at
e
pr
ec
ip
it
at
es
on
th
e
su
rf
ac
e
of
ve
ge
ta
ti
on
.
Ad
di
ti
on
al
ch
em
ic
al
ch
an
ge
s
oc
cu
r
be
ca
us
e
of
sh
if
ts
in
th
e
ca
rb
on
di
ox
id
e
—
ca
rb
on
at
e
eq
ui
li
br
ia
to
ma
ke
ca
rb
on
av
ai
la
bl
e
fo
r p
ho
to
sy
nt
he
si
s
th
er
eb
y
re
du
ci
ng
en
vi
ro
nm
en
ta
l
le
ve
ls
of
ca
rb
on
at
e
an
d
re
le
as
in
g
ca
lc
iu
m
to
th
e
aq
ua
ti
c
me
di
um
.
(3
)
Ir
on
an
d
ma
ng
an
es
e.
Bo
th
el
em
en
ts
fo
rm
in
so
lu
bl
e,
ge
la
ti
no
us
,
an
d
cr
ys
ta
ll
in
e
ox
id
e
co
mp
le
xe
s.
Un
de
r
ap
pr
op
ri
at
e
co
nd
it
io
ns
of
pH
,
th
es
e
ox
id
es
wi
ll
pr
ec
ip
it
at
e
on
su
rf
ac
es
.
Th
e
ca
rb
on
di
ox
id
e
—
ca
rb
on
at
e
eq
ui
li
br
ia
ar
e
ma
jo
r
de
te
rm
in
an
ts
of
th
e
pH
of
a
wa
te
rb
od
y,
an
d
th
us
or
ga
ni
sm
al
re
sp
ir
at
io
n
an
d
pl
an
t
ph
ot
os
yn
th
es
is
ma
y
lo
ca
ll
y
af
fe
ct
th
e
pH
,
le
ad
in
g
to
ir
on
an
d
ma
ng
an
es
e
ox
id
e
pr
ec
ip
it
at
io
n
an
d
de
po
si
ti
on
on
pl
an
t
ti
ss
ue
or
ot
he
r
su
bs
tr
at
es
(i
nc
lu
di
ng
po
ss
ib
ly
a
ﬂo
at
in
g
ge
la
ti
no
us
pr
ec
ip
it
at
e
in
th
e
wa
te
r
co
lu
mn
).
Ma
ny
an
al
ys
es
sh
ow
in
g
hi
gh
le
ve
ls
of
th
es
e
tw
o
el
em
en
ts
,
de
sp
it
e
th
ei
r
me
ta
bo
li
c
ro
le
s
in
or
ga
ni
sm
s,
re
ﬂe
ct
su
rf
ac
e
co
nt
am
in
at
io
n
of
th
e
sa
mp
le
by
pr
ec
ip
it
at
ed
ox
id
es
.
(4
)
Ti
ta
ni
um
.
Th
is
el
em
en
t
ca
n
co
at
su
rf
ac
es
as
th
e
ox
id
e
fo
rm
an
d
is
no
t
ea
si
ly
in
co
rp
or
at
ed
in
to
ti
ss
ue
s,
al
th
ou
gh
ti
ta
ni
um
ci
tr
at
e h
as
a l
im
it
ed
so
lu
bi
li
ty
.
Co
mp
ou
nd
s
of
ti
ta
ni
um
ca
n
pa
ss
th
ro
ug
h
th
e
al
im
en
ta
ry
ca
na
l o
f a
ni
ma
ls
if
in
or
on
th
e
fo
od
.
On
ly
a m
at
er
ia
l
ba
la
nc
e
on
th
e
ex
cr
et
ed
ma
te
ri
al
s
of
th
e
sp
ec
ie
s w
il
l
en
ab
le
on
e
to
tel
l
if
ti
ta
ni
um
ha
s
be
en
re
ta
in
ed
in
th
e
or
ga
ni
sm
.
Th
e
up
ta
ke
of
so
me
el
em
en
ts
is
a
tw
o-
st
ep
pr
oc
es
s:
ﬁr
st
a
su
rf
ac
e
co
nt
ac
t
pr
oc
es
s
th
at
of
te
n
ca
n
be
de
sc
ri
be
d
in
te
rm
s
of
th
e
ar
ea
of
co
nt
ac
t
or
ex
po
su
re
,
th
en
a c
el
l
up
ta
ke
pr
oc
es
s,
wh
ic
h
ma
y
re
qu
ir
e
a
di
ff
us
io
na
l
me
ch
an
is
m,
an
ac
ti
ve
tr
an
sp
or
t m
ec
ha
ni
sm
,
or
a c
he
mi
ca
l
re
ac
ti
on
.
Fo
r
so
me
pl
an
ts
, t
he
fir
st
pr
oc
es
s
mi
gh
t
me
an
en
tr
y
th
ro
ug
h
st
om
at
a
or
ro
ot
s.
Fo
r
ot
he
r
sp
ec
ie
s
it
ma
y
en
ta
il
tr
an
sp
or
t
ac
ro
ss
a
bi
ol
og
ic
al
me
mb
ra
ne
or
in
to
a
va
cu
ol
e
di
re
ct
ly
fr
om
th
e
ex
te
rn
al
me
di
um
.
Wh
en
nu
cl
id
es
on
th
e
or
ga
ni
sm
ar
e
a
su
rf
ac
e
co
nt
am
in
at
io
n
of
th
e
sa
mp
le
.
th
e
ch
em
ic
al
an
al
ys
es
ov
er
es
ti
ma
te
th
e
up
ta
ke
.
If
th
e
nu
cl
id
e
le
ve
ls
on
an
or
ga
ni
sm
qu
an
ti
fy
fa
ll
ou
t o
ft
he
nu
cl
id
e,
th
e
in
fo
rm
at
io
n
ha
s
se
pa
ra
te
va
lu
e
an
d
im
po
rt
an
ce
.
Nu
cl
ea
r
po
we
r
pl
an
ts
mo
ni
to
r
th
e
ra
di
at
io
n
le
ve
ls
at
ne
ar
by
fa
rm
s,
ag
ri
cu
lt
ur
al
,
an
d
fo
re
st
ry
tr
ac
ts
to
as
su
re
th
at
th
ei
r
nu
cl
id
e
em
is
si
on
s
do
no
t
co
nt
am
in
at
e
fo
od
su
pp
li
es
.
Th
e
pr
ob
le
m
de
sc
ri
be
d
ha
s
ra
is
ed
ch
al
le
ng
es
to
th
e
qu
al
it
y
of
co
ns
id
er
ab
le
da
ta
on
nu
cl
id
e
bi
oa
cc
um
ul
at
io
n
an
d
bi
om
on
it
or
in
g i
n t
err
est
ria
l s
ys
te
ms
.
Bi
om
ag
ni
ﬁc
at
io
n
of
me
ta
ls
at
ta
ch
ed
to
or
ga
ni
c
mo
le
cu
le
s
Ac
co
rd
in
g
to
De
Fi
li
pp
is
an
d
Pa
ll
ag
hy
(1
99
4)
.
he
av
y
me
ta
ls
do
no
t
ty
pi
ca
ll
y
fo
ll
ow
th
e b
io
ma
gn
iﬁ
ca
ti
on
pa
tt
er
ns
an
d p
ro
ce
ss
es
of
or
ga
ni
c c
he
mi
ca
ls
cy
cl
in
g
th
ro
ug
h
aq
ua
ti
c
fo
od
we
bs
.
Th
us
fo
r n
uc
li
de
s o
fh
ea
vy
me
ta
ls
,
al
ga
e
wo
ul
d
ty
pi
ca
ll
y
ha
ve
gr
ea
te
r
co
nc
en
tr
at
io
ns
of
th
e
nu
cl
id
es
th
an
zo
op
la
nk
to
n
pr
ed
at
or
s
an
d
fi
sh
. T
hi
s
do
es
no
t
ap
pe
ar
to
be
th
e
ca
se
fo
r m
et
al
s
at
ta
ch
ed
to
or
ga
ni
c
mo
le
cu
le
s,
no
ta
bl
y
me
th
yl
at
ed
co
mp
ou
nd
s
of
me
rc
ur
y,
tin
,
ar
se
ni
c,
le
ad
,
an
d
ca
dm
iu
m.
Th
er
ef
or
e,
ra
di
on
uc
li
de
s
th
at
ca
n
at
ta
ch
to
hy
dr
op
ho
bi
c
mo
le
cu
le
s,
an
d
th
us
be
co
me
li
pi
d s
ol
ub
le
,
wi
ll
li
ke
ly
bi
om
ag
ni
fy
as
th
ey
cy
cl
e
th
ro
ug
h
aq
ua
ti
c
fo
od
we
bs
.
Ot
he
r
bi
om
ag
ni
ﬁc
at
io
n
pr
oc
es
se
s
ar
e
no
t
ex
cl
us
iv
el
y
th
e
re
su
lt
of
pr
ed
at
or
—p
re
y
(c
on
su
me
r—
fo
od
)
in
te
ra
ct
io
ns
. M
er
cu
ry
in
th
e w
at
er
or
se
di
me
nt
ma
y
eq
ua
ll
y h
av
e
pr
ov
id
ed
th
e
so
ur
ce
s
of
me
rc
ur
y o
bs
er
ve
d
in
th
e
ti
ss
ue
of
or
ga
ni
sm
s.
Fu
rt
he
r c
om
pl
ic
at
in
g t
he
si
tu
at
io
n i
s t
he
po
ss
ib
il
it
y t
ha
t a
pr
ev
io
us
ly
bi
ol
og
ic
al
ly
un
av
ai
la
bl
e
so
ur
ce
of
a n
uc
li
de
be
ca
me
av
ai
la
bl
e i
n t
he
di
ge
st
iv
e s
ys
te
m
of
an
or
ga
ni
sm
th
ro
ug
h m
et
hy
la
ti
on
re
ac
ti
on
s i
n v
iv
o.
Th
e
bi
oc
he
mi
st
ry
of
th
e
pr
oc
es
se
s
by
wh
ic
h
me
ta
ls
at
ta
ch
to
or
ga
ni
c
mo
le
cu
le
s,
ot
he
r
th
an
an
io
n-
ex
ch
an
ge
pr
oc
es
s
(s
im
pl
e
bi
nd
in
g
re
pl
ac
em
en
t
of
H‘
),
us
ua
ll
y
in
vo
lv
es
th
e
pr
es
en
ce
of
on
e
or
mo
re
of
th
e
fo
ll
ow
in
g:
Fe
,
Mn
,
Co
,
py
ri
do
xi
ne
,
NA
DP
,
AT
P,
or
a
su
lf
hy
dr
yl
gr
ou
p.
Th
ei
r
pr
es
en
ce
su
gg
es
ts
in
te
ra
ct
io
ns
16
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i
amo
ng
ele
men
ts.
Sin
ce
the
pro
ces
ses
are
oft
en
mic
rob
ial
ly m
edi
ate
d i
n th
e e
nvi
ron
men
t ra
the
r th
an
in t
he t
issu
es
of
pla
nts
and
ani
mal
s,
the
half
-lif
e o
f t
he
rad
ion
ucl
ide
s i
s t
he
maj
or
det
erm
ini
ng
rad
iol
ogi
cal
fact
or,
and
app
rop
ria
te
pop
ula
tio
ns
of
mic
roo
rga
nis
ms
and
ava
ila
ble
foo
d s
upp
lie
s a
re
the
maj
or
det
erm
ini
ng
eco
log
ica
l
fact
ors.
The
se
pro
ces
ses
will
occ
ur
if r
adi
ati
on d
oes
not
hav
e a
ster
iliz
ing
effe
ct.
Use
of
nui
san
ce
spe
cie
s f
or
bio
acc
umu
lat
ion
stu
die
s
Ifn
uis
anc
e s
pec
ies
dom
ina
te
or r
epr
ese
nt m
ajo
r co
mpo
nen
ts
of t
he b
iot
ic a
sse
mbl
age
ofa
reg
ion
, th
en
it
wou
ld
see
m o
nly
nat
ura
l to
stu
dy
thei
r el
eme
nta
l c
omp
osi
tio
n a
nd
cyc
lin
g a
s pa
rt o
f th
e in
ten
siv
e un
der
sta
ndi
ng
of
thei
r m
eta
bol
ism
, p
hys
iol
ogy
, e
col
ogy
, a
nd
beh
avi
or.
Thi
s a
ppr
oac
h h
as
fou
nd
fav
or
in s
ele
cte
d E
uro
pea
n
stu
die
s a
nd
rec
ent
ly i
n se
lec
ted
stu
die
s in
Nor
th
Ame
ric
a.
Par
tic
ula
r us
efu
l a
re t
he
rec
ent
stu
die
s o
f th
e A
sia
tic
cla
m,
Cor
bic
ula
ﬂum
ati
lis
, in
San
Fra
nci
sco
Bay
, c
onn
ect
ing
trib
utar
ies,
and
lake
s.
Cor
bic
ula
has
spr
ead
rap
idl
y
eas
twa
rd
thr
oug
h N
ort
h A
mer
ica
sin
ce
its
int
rod
uct
ion
int
o C
ali
for
nia
som
e 2
0 y
ear
s a
go
and
now
occ
urs
in
several tributaries that feed the Great Lakes.
The
sea
lam
pre
y,
Pet
rom
yzo
n m
ari
nus
, w
hic
h e
nte
red
the
Gre
at
Lak
es
thr
oug
h t
he
Sai
nt
Law
ren
ce
Sea
way
, h
as
dev
ast
ate
d th
e l
ake
trou
t, S
alv
eli
nus
nam
ayc
ush
. T
he
lam
pre
y h
as
bee
n t
he
foc
us
of a
n i
nte
nsi
ve
bina
tion
al e
ffor
t th
rou
gh t
he G
rea
t La
kes
Fish
erie
s Co
mmi
ssi
on t
o de
vel
op s
elec
ted
che
mic
als
for
its d
estr
ucti
on.
yet
the
Tas
k Fo
rce
ﬁnd
s it
som
ewh
at
surp
risi
ng t
hat
its e
leme
ntal
com
pos
iti
on h
as g
one
unre
port
ed.
At o
ne t
ime
a we
ll k
now
n st
atem
ent
was
"La
ke E
rie
was
dyin
g."
The
alga
. Cl
ado
pho
ra g
lom
era
ta,
for
med
hug
e m
ats
of
flo
ati
ng
and
dec
ayi
ng
veg
eta
tio
n t
hat
was
hed
up
on
the
bea
che
s o
f O
nta
rio
and
Ne
w Y
ork
.
Cla
dop
hor
a h
as
rec
eiv
ed
con
sid
era
ble
att
ent
ion
for
its
ele
men
tal
bio
acc
umu
lat
ion
bec
aus
e i
t is
a k
now
n
con
cen
tra
tor
or a
ccu
mul
ato
r o
fhe
avy
met
als
, b
ut t
he
phy
sio
log
ica
l f
act
ors
that
mig
ht
enh
anc
e b
iou
pta
ke
and
the
use
ofC
lad
oph
ora
as a
mec
han
ism
for
det
oxi
fic
ati
on o
fel
eme
nts
and
rad
ion
ucl
ide
s in
the
Gre
at L
ake
s w
ere
nev
er
real
ly e
ffec
tive
ly e
xplo
red.
Bec
aus
e of
its r
apid
gro
wth
und
er n
uis
anc
e co
ndit
ions
, Wh
itt
on (
198
4) h
as s
how
n th
at
the
you
ng
tips
can
be
use
d to
diff
eren
tiat
e b
etw
een
rece
ntly
acc
umu
lat
ed
poll
utio
n a
nd
olde
r or
lon
g—t
erm
pol
lut
ion
. Th
e sp
eci
es h
as a
rel
ati
vel
y hi
gh t
her
mal
tol
era
nce
so t
hat
its p
eak
gro
wth
per
iod
s ar
e la
te s
pri
ng t
hro
ugh
sum
mer
and
ear
ly f
all.
Fur
the
r,
Cla
dop
hor
a s
eem
s to
hav
e a
spe
cia
l ob
lig
ate
req
uir
eme
nt
for
sod
ium
. L
eve
ls
of
sod
ium
hav
e i
ncre
ased
in t
he
Gre
at
Lak
es
bec
aus
e o
f h
uma
n a
ctiv
itie
s, b
ut
appr
opri
ate
corr
elat
ions
wit
h
Cla
dop
hor
a we
re
not
repo
rted
in t
he l
iter
atur
e. R
athe
r,
the
emp
has
is
on n
utri
ent
cont
rol
(ma
inl
y ni
trog
en a
nd
phos
phor
us),
sou
ght
to r
emo
ve t
he b
asic
buil
ding
bloc
ks f
rom
poll
utio
n so
urce
s fo
r ex
cess
ive
alga
l gr
owth
. Th
at
stra
tegy
has
wor
ked
well
, an
d it
no l
onge
r ap
pea
rs t
hat
Cla
dop
hor
a gl
ome
rat
a ha
s nu
isa
nce
abu
nda
nce
in t
he G
rea
t
Lake
s. N
ever
thel
ess,
the
spec
ies
doe
s ex
ist
and
coex
ist
wit
h th
e bi
otic
ass
emb
lag
es a
nd
cou
ld s
till
serv
e as
a
sent
inel
in t
rack
ing
the
cycl
ing
ofr
adio
nucl
ides
if s
uch
wor
k w
ere
incl
uded
in e
xist
ing
rese
arch
and
mon
ito
rin
g
studies.
Ano
the
r n
uis
anc
e s
pec
ies
int
rod
uce
d i
nto
the
Gre
at
Lak
es
thr
oug
h i
s t
he
zeb
ra
mus
sel
, D
res
sei
na
pol
ymo
rph
a. T
his
spec
ies
has
cau
sed
a ma
jor
shif
t in
the
plan
kton
. Th
e mu
ssel
‘s r
adio
nucl
ide
cont
ent
will
refl
ect
not
onl
y di
rect
upt
ake
fro
m th
e aq
uati
c en
vir
onm
ent
but
nucl
ides
fro
m th
e fi
lter
ed p
hyt
opl
ank
ton
spec
ies
whi
ch
it co
nsu
mes
. T
he
spec
ies
has
rece
ived
som
e at
tent
ion
for
its e
leme
ntal
bio
acc
umu
lat
ion
in E
uro
pea
n st
udie
s. b
ut
the Task Force is not aware of comparable studies for North America.
BIOUPTAKE DIRECTLY FROM ATMOSPHERIC DEPOSITION
Ma
ny
org
ani
sms
can
dra
w c
hem
ica
l s
ubs
tan
ces
dir
ect
ly f
rom
the
atm
osp
her
e.
Sin
ce t
he w
ork
of t
he T
ask
For
ce e
mph
asi
zes
the
Gre
at L
akes
. th
e co
nce
rn w
ill
focu
s on
plan
ts,
fung
i, a
nd r
elat
ed s
peci
es t
hat
can
pro
vide
insi
ght
into
cycl
ing
of e
lem
ent
s th
rou
gh b
ioc
omp
art
men
ts o
f th
e Gr
eat
Lak
es e
cos
yst
ems
.
l7
 
 Th
e
di
re
ct
ut
il
iz
at
io
n
of
at
mo
sp
he
ri
c
co
mp
on
en
ts
us
ua
ll
y
de
pe
nd
s
on
th
e
st
at
e
of
ma
tt
er
of
th
e
ch
em
ic
al
sp
ec
ie
s.
Ch
em
ic
al
su
bs
ta
nc
es
in
th
e
ga
se
ou
s
or
va
po
r
ph
as
e
ca
n
pe
ne
tr
at
e
th
e
ai
r
br
ea
th
in
g
ap
pa
ra
tu
s
mo
st
ea
si
ly
.
If
th
os
e
ch
em
ic
al
s
re
ad
il
y
di
ss
ol
ve
in
wa
te
r,
th
ec
on
ta
ct
of
th
e
su
bs
ta
nc
es
wi
th
wa
te
r
on
an
or
ga
ni
sm
m
a
y
fu
rt
he
r
fa
ci
li
ta
te
pe
ne
tr
at
io
n
of
th
e
or
ga
ni
sm
.
Ae
ro
so
ls
an
d
pa
rt
ic
ul
at
e
ma
tt
er
ha
ve
gr
ea
te
st
di
ff
ic
ul
ty
,
us
ua
ll
y
re
qu
ir
in
g
so
me
pr
el
im
in
ar
y
pr
oc
es
se
s
si
mp
ly
to
ma
ke
th
e
su
bs
ta
nc
es
av
ai
la
bl
e
to
th
e
or
ga
ni
sm
.
T
w
o
im
po
rt
an
t
gr
ou
ps
of
or
ga
ni
sm
s
th
at
ca
n
bi
oa
cc
um
ul
at
e
ma
te
ri
al
s
fr
om
th
e
at
mo
sp
he
re
ar
e
li
ch
en
s
an
d
mo
ss
es
.
Th
es
e
or
ga
ni
sm
s
ha
ve
pl
ay
ed
a
ve
ry
im
po
rt
an
t
ro
le
in
st
ud
yi
ng
th
e
de
po
si
ti
on
of
at
mo
sp
he
ri
c
su
bs
ta
nc
es
,
bo
th
ra
di
oa
ct
iv
e
an
d
no
nr
ad
io
ac
ti
ve
,
es
pe
ci
al
ly
th
os
e
ch
em
ic
al
s
in
pa
rt
ic
ul
at
e
an
d
ae
ro
so
l
fo
rm
.
Li
ch
en
s
ar
e
em
ph
as
iz
ed
in
th
e
ma
te
ri
al
s.
It
is
si
mp
ly
th
at
li
ch
en
s
ha
ve
a
be
tt
er
st
ud
ie
d
an
d
un
de
rs
to
od
ec
ol
og
ic
al
co
nt
ex
t
wi
th
re
sp
ec
t
to
th
e
up
ta
ke
of
ra
di
on
uc
li
de
s
an
d
th
ei
r
tr
an
sf
er
to
ot
he
r
sp
ec
ie
s.
Fo
r
ch
em
ic
al
s
in
pa
rt
ic
ul
at
e
fo
rm
,
li
ch
en
s
ge
ne
ra
ll
y
ac
cu
mu
la
te
su
bs
ta
nc
es
by
a
tw
o-
st
ag
e
pr
oc
es
s:
a
co
nt
ac
t
or
bi
nd
in
g
st
ag
e,
wh
ic
h
is
we
ll
de
sc
ri
be
d
th
er
mo
dy
na
mi
ca
ll
y
as
an
io
n—
ex
ch
an
ge
pr
oc
es
s,
fo
ll
ow
ed
by
a
ti
ss
ue
ab
so
rp
ti
on
an
d
re
te
nt
io
n
ph
as
e.
Th
e
se
co
nd
ph
as
e
ty
pi
ca
ll
y
us
es
a
ca
rr
ie
r
mo
le
cu
le
.
Fr
om
a
ki
ne
ti
c
pe
rs
pe
ct
iv
e,
th
e
re
la
ti
ve
ti
me
sc
al
es
of
th
e
tw
o
st
ag
es
ar
e
im
po
rt
an
t
in
qu
an
ti
fy
in
g
ra
te
s
of
bi
oa
cc
um
ul
at
io
n.
Ye
t,
th
e
ex
pe
ri
me
nt
al
an
d
st
at
is
ti
ca
l
me
th
od
s
us
ed
to
st
ud
y
bi
oa
cc
um
ul
at
io
n
pr
oc
es
se
s
ra
re
ly
ad
dr
es
s
th
e
di
ff
er
en
ce
s
in
ti
me
sc
al
es
fo
r t
he
ti
ss
ue
ab
so
rp
ti
on
an
d
re
te
nt
io
n
st
ep
s.
Fo
r
ma
ny
of
ec
os
ys
te
ms
,
li
ch
en
s
ar
e
th
e
ma
jo
r
fo
od
so
ur
ce
fo
r
se
le
ct
ed
ma
mm
al
s,
no
ta
bl
y
de
er
an
d
ca
ri
bo
u.
Fu
rt
he
r,
so
me
ti
me
s
li
ch
en
s
ar
e
th
e
on
ly
or
ma
jo
r
fo
od
so
ur
ce
fo
r
th
es
e
ma
mm
al
s.
Ma
mm
al
ia
n
co
ns
um
pt
io
n
of
li
ch
en
s
is
di
re
ct
ro
ut
e
of
tr
an
sf
er
an
d
ex
po
su
re
of
ra
di
on
uc
li
de
s
re
ga
rd
le
ss
of
ho
w
ra
di
on
uc
li
de
s
ma
y
oc
cu
r
in
th
e
li
ch
en
s.
Th
e
ma
mm
al
ia
n
di
ge
st
iv
e
sy
st
em
of
th
es
e
sp
ec
ie
s
do
es
no
t
di
ff
er
en
ti
at
e
be
tw
ee
n
th
e
bi
nd
in
g
mo
de
s
in
th
e
li
ch
en
s
be
ca
us
e
th
e
sy
st
em
br
ea
ks
do
wn
th
e
li
ch
en
ce
ll
ma
tt
er
an
d
ma
ke
s
nu
cl
id
e
ab
so
rp
ti
on
re
ad
il
y
av
ai
la
bl
e
in
th
e
ma
mm
al
's
st
om
ac
h
an
d
in
te
st
in
es
.
Th
e
io
n
ex
ch
an
ge
na
tu
re
of
th
e
bi
nd
in
g
is
ea
si
ly
co
nf
ir
me
d
st
at
is
ti
ca
ll
y.
A
si
mp
le
mo
de
l
of
io
n
ex
ch
an
ge
al
lo
ws
fo
r
eq
ua
l
an
d
in
de
pe
nd
en
t
co
mp
et
it
io
n
of
io
ns
fo
r
si
te
s
am
on
g
po
ss
ib
le
bi
nd
in
g
nu
cl
id
es
.
Th
e
pa
rt
ic
ul
at
e
ma
tt
er
an
d
ae
ro
so
l
fo
rm
s
of
th
e
me
ta
ll
ic
el
em
en
t
ra
di
on
uc
li
de
s
of
th
e
fo
ll
ow
in
g
el
em
en
ts
ar
e
us
ua
ll
y
ox
id
es
:
Na
,
K,
Rb
,
Cs
,
Ag
,
Be
,
Ca
,
Ba
,
Sr
,
Ra
,
Ce
,
La
,
Fe
,
an
d
Ru
.
Co
nt
ac
t
wi
th
wa
te
r
re
le
as
es
th
es
e
me
ta
ls
as
ca
ti
on
s
wh
ic
h
ca
n
ex
ch
an
ge
fo
r
re
pl
ac
ea
bl
e
(s
en
su
:
io
ni
za
bl
e)
hy
dr
og
en
s
on
th
e
li
ch
en
.
Th
e
un
iv
al
en
t
Na
,
K,
Cs
,
an
d
Ag
ca
ti
on
s
wo
ul
d
ea
ch
re
pl
ac
e
a
si
ng
le
io
ni
za
bl
e
hy
dr
og
en
;
th
e
di
va
le
nt
Be
,
Ca
,
Ba
,
Sr
,
an
d
Ra
wo
ul
d
re
pl
ac
e
tw
o
io
ni
za
bl
e
hy
dr
og
en
s;
an
d
th
e
tr
iv
al
en
t
Ce
an
d
La
wo
ul
d
re
pl
ac
e
th
re
e
io
ni
za
bl
e
hy
dr
og
en
s.
Si
nc
e
th
e
ge
oc
he
mi
ca
l
ra
ti
o
of
90
Sr
/m
Cs
is
im
po
rt
an
t
in
ev
al
ua
ti
ng
de
po
si
ti
on
al
da
ta
of
ra
di
on
uc
li
de
s,
th
e
be
ha
vi
or
of
an
ap
pr
op
ri
at
e
ge
oc
he
mi
ca
l
ra
ti
o
wi
th
re
sp
ec
t
to
bi
oa
cc
um
ul
at
io
n
in
li
ch
en
s
is
de
ri
va
bl
e
fr
om
th
e
io
n-
ex
ch
an
ge
mo
de
l.
Th
e
mo
de
l
wo
ul
d
su
gg
es
t
a
st
ro
ng
co
rr
el
at
io
n
of
th
e
ge
oc
he
mi
ca
l
ra
ti
o
fo
r
th
e
tw
o
nu
cl
id
es
in
at
mo
sp
he
ri
c
pa
rt
ic
ul
at
e
ma
tt
er
an
d
th
at
bo
un
d
to
th
e
li
ch
en
s.
Sm
al
l
de
vi
at
io
ns
of
th
e
ge
oc
he
mi
ca
l
ra
ti
o
re
fl
ec
t
th
e r
ea
li
ty
th
at
th
e
bi
nd
in
g p
ro
ce
ss
is
no
t
10
0%
ef
fi
ci
en
t a
nd
th
at
an
y
tw
o-
st
ag
e
pr
oc
es
se
so
fa
bs
or
pt
io
n a
nd
ti
ss
ue
re
te
nt
io
n
wo
ul
d
te
nd
to
fa
vo
r
st
ro
nt
iu
m
ov
er
ce
si
um
in
mo
st
sp
ec
ie
s.
Th
e
tw
o-
st
ag
e
mo
de
l
ba
si
ca
ll
y
as
su
me
s
th
at
th
e
up
ta
ke
pr
oc
es
s
is
di
vi
de
d
in
to
se
pa
ra
te
bi
nd
in
g
an
d
up
ta
ke
st
ep
s.
Th
e
fi
rs
t
st
ag
e
is
a
La
ng
mu
ir
is
ot
he
rm
eq
ui
li
br
iu
m
pr
oc
es
s
fo
r
an
io
n
in
th
e
at
mo
sp
he
re
at
ta
ch
in
g
to
a
su
it
ab
le
si
te
on
th
e
su
rf
ac
e
of
a
pl
an
t.
On
ce
th
is
bi
nd
in
g
ha
s
oc
cu
rr
ed
,
th
e
pl
an
t
ma
y
se
cr
et
e
ca
rr
ie
r
mo
le
cu
le
s
th
at
ca
n
bi
nd
to
th
e
io
n
an
d
tr
an
sp
or
t
in
to
th
e
ce
ll
,
or
op
en
in
gs
in
th
e
ce
ll
(s
to
ma
ta
)
al
lo
w
th
e
mo
ve
me
nt
by
di
ff
us
io
n
of
th
e
io
n
in
to
th
e
ti
ss
ue
,
or
so
me
si
mi
la
r
pr
oc
es
s.
Th
e
ra
te
s
at
wh
ic
h
th
e
tw
o
st
ag
es
oc
cu
r
di
ff
er
s,
an
d
th
is
di
ff
er
en
ce
in
ra
te
s
de
te
rm
in
es
th
e e
xt
en
t t
o
wh
ic
h
th
e
tw
o-
st
ag
e
mo
de
l
co
rr
el
at
es
th
e
av
ai
la
bl
e
ki
ne
ti
c
da
ta
.
If
th
e
fi
rs
t s
ta
ge
is
ve
ry
fa
st
, t
he
sl
ow
er
se
co
nd
st
ag
e w
il
l
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W
L
L
L
L
L
L
L
L
M
L
L
L
L
H
‘
H
L
M
M
A
M
.
I
.
a
.
1
M
 \
$
3
I?
3
3
3
#-
:3,
3
det
erm
ine
the
upt
ake
. M
ate
ria
ls s
till
in t
he
ﬁrs
t st
age
cou
ld
the
ore
tic
all
y be
was
hed
off
the
sur
fac
e bi
ndi
ng
site
s.
If b
oth
sta
ges
hav
e p
roc
ess
rat
es w
ith
in t
he s
ame
num
eri
cal
ord
er
ofm
agn
itu
de,
bot
h s
urf
ace
lea
chi
ng a
nd
tiss
ue
upt
ake
wil
l b
e o
bse
rve
d.
If t
he
sec
ond
sta
ge
is
mu
ch
fas
ter
tha
n t
he
ﬁrs
t,
onl
y t
iss
ue-
bas
ed
bio
upt
ake
wil
l b
e
obs
erv
ed.
Sim
ila
rly
, r
adi
onu
cli
des
ofB
r,
Cl,
1, A
l,
Mn
, T
c,
and
Ru,
whi
ch
exi
st a
s a
nio
ns,
wou
ld
req
uir
e a
dif
fer
ent
me
ch
an
is
m o
f t
iss
ue
upt
ake
. I
f a
lic
hen
ha
d a
nio
nic
sit
es,
a s
ec
on
d m
od
el
of
ion
ex
ch
an
ge
wo
ul
d s
hou
ld
be
ha
ve
sim
ila
rly
for
ani
ons
as t
he
pre
vio
usl
y d
esc
rib
ed
one
for
cat
ion
s. A
gai
n,
suc
h a
mod
el
wou
ld
als
o p
erm
it
ass
ess
men
t
of
the
sta
tis
tic
al b
eha
vio
r o
f a
ppr
opr
iat
e g
eoc
hem
ica
l r
ati
os.
Sev
era
l e
lem
ent
s o
ccu
r e
nvi
ron
men
tal
ly
in s
eve
ral
dif
fer
ent
for
ms,
mak
ing
a m
ode
l b
ase
d o
n i
on e
xch
ang
e
pro
ces
ses
ina
deq
uat
e.
Th
e t
wo
mai
n e
xam
ple
s a
re
sul
fur
and
nit
rog
en.
Fo
rm
s o
f s
ulf
ur r
equ
ire
spe
cia
l t
rea
tme
nt
bec
aus
e t
hey
int
era
ct w
ith
met
all
ic
ele
men
ts.
Th
e c
hem
ist
ry
ofn
itr
oge
n is
als
o co
mpl
ex,
but
if t
he f
orm
ofn
itr
oge
n
pre
sen
t i
n t
he
env
iro
nme
nt
is i
nor
gan
ic,
it c
an
oft
en
be
pre
dic
ted
fro
m a
kno
wle
dge
of
pH
and
oxy
gen
lev
els
thr
oug
h a
con
sid
era
tio
n o
f t
he
amm
oni
a—n
itr
ate
—ni
tri
te
equ
ili
bri
a.
Nit
rog
en,
in
amm
oni
a,
can
bin
d i
oni
cal
ly
to
lic
hen
s i
n t
he
sa
me
ma
nn
er
as
cat
ion
s,
but
nit
rit
e,
an
d n
itr
ate
are
ani
oni
c a
nd
wo
ul
d n
ot
bin
d t
o t
he
ion
ex
ch
an
ge
sites in lichens that are designed for cations.
Nit
rog
en
is a
lso
the
ele
men
tal
bas
is
for
pro
tei
ns.
Rad
ion
ucl
ide
s o
fni
tro
gen
are
not
a p
rob
lem
wit
h r
esp
ect
to t
he
Gre
at
Lak
es,
alt
hou
gh
the
ele
men
t i
s in
tri
cat
ely
tie
d to
the
pro
ble
ms
of
aci
d pr
eci
pit
ati
on
and
eut
rop
hic
ati
on.
Nit
rog
en
at
om
s a
re
a s
our
ce
of
cos
mog
eni
cal
ly
der
ive
d r
adi
onu
cli
des
, b
ut
the
se
nuc
lid
es
ha
ve
che
mis
tri
es
tha
t c
an
be treated on their own.
Sev
era
l e
lem
ent
s c
an
exi
st i
n i
oni
c a
nd
cov
ale
nt
for
ms.
Th
e c
ova
len
t b
ond
off
ers
add
iti
ona
l m
ech
ani
sms
of
bio
upt
ake
, i
ncl
udi
ng
the
sol
ubi
liz
ati
on
in
lip
id
mat
eri
als
an
d t
ran
spo
rt
acr
oss
cer
tai
n t
ype
s o
f h
ydr
op
ho
bi
c
mem
bra
nes
. S
uch
ele
men
ts
inc
lud
e H
g,
Cd,
Sn,
Te,
Se,
As,
P,
and
, a
gai
n,
var
iou
s f
orm
s o
f n
itr
oge
n.
Th
e T
as
k F
orc
e d
id
not
acc
ess
dat
a o
n l
ich
ens
in
the
Gre
at
La
ke
s r
egi
on.
Mo
st
of
the
ava
ila
ble
lic
hen
dat
a
ref
er
to
res
tri
cte
d a
nd
ext
rem
e c
lim
ate
and
geo
gra
phi
cal
zon
es:
Arc
tic
, h
igh
alt
itu
de,
tro
pic
al
reg
ion
s i
n t
he
vic
ini
tie
s o
f v
olc
ani
c f
uma
rol
es,
and
sel
ect
ed
for
est
reg
ime
s.
Sin
ce
lic
hen
s o
fte
n d
omi
nat
e t
he
flo
ra
in t
he
are
a i
n
wh
ic
h t
hey
res
ide
, o
ne
ne
ed
not
con
sid
er
ma
ny
of
the
imp
lic
ati
ons
of
spe
cie
s d
ive
rsi
ty
on
the
rep
ort
ed
val
ues
of
elemental composition and bioaccurnulation factors.
Tab
le
3 d
esc
rib
es
a t
rop
ica
l l
ich
en
in
the
vic
ini
ty
of
a v
olc
ani
c f
uma
rol
e i
n H
awa
ii.
Th
e p
urp
ose
of
O’
Co
nn
or
's
stu
dy
(19
79)
wa
s t
o t
rac
k m
er
cu
ry
fr
om
the
vol
can
ic
emi
ssi
ons
an
d i
ts l
ong
ran
ge
tra
nsp
ort
eff
ect
s o
n
ne
ar
by
an
d d
ist
ant
veg
eta
tio
n.
Th
e
use
ful
nes
s o
f t
he
dat
a i
s i
n i
ts
cov
era
ge
of
a l
arg
e n
um
be
r
of
ele
men
ts.
Rad
ion
ucl
ide
dep
osi
tio
n d
ata
for
the
reg
ion
for
9(’S
r a
nd
137
Cs
are
ava
ila
ble
, a
nd
the
dat
a a
rra
y c
an
be
use
d t
o
com
par
e l
ich
en b
eha
vio
r fo
r b
ioa
ccu
mul
ati
on
in a
mor
e g
ene
ric
man
ner
.
Tab
le
4 p
res
ent
s d
ata
for
lic
hen
s a
nd
mos
ses
whi
ch
hav
e b
een
stu
die
d f
or
the
ir
con
ten
t o
f s
eve
ral
cos
mog
eni
cal
ly
pro
duc
ed
rad
ion
ucl
ide
s a
nd
two
gro
ups
of
rad
ioa
cti
ve
dec
ay
ser
ies
nuc
lid
es
fro
m t
ran
sur
ani
cs.
The
se
dat
a f
rom
Jen
kin
s e
t al
. (
197
2)
are
fro
m o
ne
oft
he
cla
ssi
c s
tud
ies
on
nat
ura
l b
ack
gro
und
lev
els
ofr
adi
ati
on.
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 TAB
LE
3
CHE
MIC
AL C
OMP
OSI
TIO
N OF
A TR
OPI
CAL
GRO
UND
LlCl
lEN
(Clad
onia
skott
sbcrg
ii)
(fr
om
O’
Co
nn
or
197
9)
Sam
ple
desc
ript
ion
Ele
men
ts (
ppm
)
K
(‘1
Ag
Mg
Ca
Ba
Sr
Lich
en (
0.1 k
m fr
om v
olca
no)
24,6
66
350“
<0.4
4
43,0
33
11,2
00
140
457
Lich
en (
2.8 k
m fr
om v
olca
no)
28,3
33
350*
095
*
10,7
66
13,3
33
157
553
Ti
V
Cr
Mn
Fe
Co
Ni
Zn
Zr
Nb
Mo
Lich
en (0
.1 k
m fr
om v
olca
no)
9166
183
377
927
46.0
00
37*
180
400
97
<9.3
253
Lich
en (
2.8 k
m fr
om v
olca
no)
8567
I70
357
887
41,0
00
<0.9
2
177
270*
88
20*
102
Al
B
Ga
Y
Sc
P
Ge
Pb
S
Se
2
0
Lich
en (0
.1 k
m vo
lcan
o)
43,0
00
38.6
3.1"
17
26
4333
1.4
44.1
233
0.77
Lich
en (
2.8 k
m fr
om v
olca
no)
43,6
67
45.3
2.1*
22
24
3000
*
1.2
55.0
233
1.6
 
Note
s: R
esul
ts a
re a
vera
ge o
fthr
ee s
ampl
es e
xcep
t th
ose m
arke
d wi
th a
n as
teri
sk (*
), wh
ich
are
base
d on
eith
er o
ne o
r tw
o sa
mple
s.
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TABLE 3 (continued)
CHEMICAL
COMPOSITI
ON OF A TR
OPICAL GR
OUND LICH
EN (Cladom’a
skottsbergii)
(from O’Connor 1979)
Sample d
escriptio
n
Geochemi
cal ratio
s
Mg/Ca Ba/C
a Sr/Ca
Ca/Ti V/Ti
Zr/Ti V/N
b Fe/Mn
Co/Fe Ni/F
e Co/Zn
Lichen (0.1 km
from volcano)
3.84 0.01
25 0.0408
1.22 0.01
99 0.0105
— 49.6
0.00008 0.00
39 0.00925
Lichen (2.8 km
from volcano)
0.807 0.01
17 0.0415
1.56 0.01
98 0.0102
8.5 46.2
— —
Earth's cru
st
0.561
0.001
0.009
7.37
0.0237
0.0289
6.8 5
9 0
.00044 0
.0013 0
.333
Enrichment factors
 
Lichen (0.1 km
from volcano)/
earth's crust
6.84 12.5
4.53 0.16
6 0.839
0.363 —
0.841 1.82
3.0 0.02
78
Lichen (2.8 km
from volcano)/
earth's crust
1.44 11.7
4.61 0.21
2 0.835
0.363 1.25
0.783 —
4 —
Notes: Enrich
ment factors ar
e calculated re
lative to crusta
l material. Thu
s, values grea
ter than 1 for
enrichment fac
tors means tha
t organisms re
tain the elemen
ts to a greater
extent than is
found in natura
l soils or crust
al materials. T
his suggests t
hat bioaccumul
ation is impor
tant for bariu
m, calcium, st
rontium, magne
sium, iron, ma
nganese,
vanadium, cob
alt, and nickel
and oflimited
potential for ti
tanium, zircon
ium, and zinc.
2
1
Sample descr
iption
Geochemical
ratios
Cr/Mo Al/B
Ga/Al Y/Ti
Sc/Ti P/Ti
Pb/Ti Ge/T
i Se/S
Lichen (0.1 km from volcano
) 14.9
1114 0.00007 0.00185
0.00284 0101 0.0010
0.00003 0.0033
Lichen (2.8 km from volcano
) 35.3
963 0.00005 0.00257
0.00280 0.064 0.0012
0.00003 0.0069
Earth's crust
66.6 8240 0.0018
0.0058 0.0039 0.184
0.0022 0.00263 0.00019
Enrichme
nt factor
s
Lichen (0.1 km
from volcano)/
earth's crust
0.224 0.13
5 0.0388
0.319 0.72
8 0.549
0.454 0.01
14 17.4
Lichen (2.8 km from volcano
)/earth's crust 0.530
0.117 0.0278 0.443
0.483 0.348 0.545
0.0114 36.3
Notes: Enrich
ment factors ar
e calculated re
lative to crusta
l material. Thu
s, values grea
ter than 1 for
enrichment fac
tors means tha
t organisms re
tain the elemen
ts to a greater
extent than is found in natura
l soils or crustal materials. T
his suggests that bioaccumul
ation is important for molyb
denum, selenium, and sulfur
and oflimited potential for
scandium,
yttrium, p
hosphorus
, and lead
.
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L
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N
A
T
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R
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L
L
Y
O
C
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U
R
R
I
N
G
R
A
D
I
O
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C
L
I
D
E
S
lN
L
I
C
H
E
N
S
A
N
D
M
O
S
S
E
S
F
R
O
M
A
F
O
R
E
S
T
IN
W
A
S
H
I
N
G
T
O
N
ST
AT
E,
19
6(
F1
96
7
(f
ro
m
Je
nk
in
s
e!
til
.
19
72
)
Sp
ec
ie
s
Lo
ca
ti
on
Ra
di
on
uc
li
de
s
(p
Ci
/k
g
we
t
we
ig
ht
)
78
9
ll
Na
40
K
10
01
1—
13
11
1,
le
Bi
_1
16
Ra
Lo
ba
ri
a
o
r
e
g
a
n
a
(l
ic
he
n)
Ho
h
Ri
ve
r
ra
in
fo
re
st
Cl
os
ed
ca
no
py
84
00
—
29
00
4.
1
18
22
.1
Qu
ee
ts
ra
in
fo
re
st
Cl
os
ed
ca
no
py
20
,0
00
5.
2
32
00
9.
3
48
57
.3
Qu
in
al
t
ra
in
fo
re
st
Cl
os
ed
ca
no
py
79
00
2.
4
20
00
7.
6
17
24
.6
Se
la
gi
ne
ll
a
s
e
r
p
r
(m
os
s)
Ho
h
Ri
ve
r
ra
in
fo
re
st
Cl
os
ed
ca
no
py
33
0
0.
6
17
00
A-
v
4.
5
5.
5
Qu
ee
ts
ra
in
fo
re
st
Cl
os
ed
ca
no
py
37
00
2.
2
13
00
6.
0
16
22
Qu
in
al
t
ra
in
fo
re
st
Cl
os
ed
ca
no
py
39
00
1.
5
29
00
15
1 1
0
12
5
At
mo
sp
he
re
ov
er
Ri
ch
la
nd
,
Wa
sh
in
gt
on
N
Ai
r,
No
ve
mb
er
19
66
4.
7
0.
00
03
0.
00
04
0.
00
08
00
01
2
Ai
r,
Ma
rc
h
19
67
6.
1
0.
00
13
0.
00
3
0.
00
2
00
05
Ai
r,
Ja
nu
ar
y
19
68
5.
4
0.
00
06
0.
00
1
0.
00
4
00
05
Ai
r,
De
ce
mb
er
19
67
ov
er
Ol
ym
pi
c
Pe
ni
ns
ul
a,
Wa
sh
in
gt
on
5.
8
0.
00
05
0,
00
06
0.
00
04
0.
00
1
Ra
in
fa
ll
,
No
ve
mb
er
15
,
19
67
12
.0
#
0.
00
18
0.
00
45
0.
00
63
Ra
in
fa
ll
,
Ma
rc
h
21
,
19
67
26
.0
00
07
7
f
4
Ra
in
fa
ll
,
Ja
nu
ar
y
11
,
19
68
30
.0
00
08
4
i
——
No
te
s:
(1
)
Sa
mp
li
ng
in
th
e
Qu
ee
ts
ra
in
fo
re
st
an
d
Qu
in
al
t
ra
in
fo
re
st
du
ri
ng
he
av
y
ra
in
fa
ll
on
Ma
re
11
22
~2
3,
19
67
(2
)
Sy
mb
ol
s:
X
T
U
(t
ot
al
tr
an
su
ra
ni
c
de
ca
y
se
ri
es
nu
cl
id
es
),
ob
ta
in
ed
by
su
mm
in
g
th
e
nu
cl
id
e
in
fo
rm
at
io
n
in
th
e
tw
o
co
lu
mn
s
wh
ic
h
pr
ov
id
e
in
fo
rm
at
io
n
on
th
e
de
ca
y
se
ri
es
nu
cl
id
es
(T
h
an
d
Ra
).
(3
)
Th
es
e
da
ta
ar
e
ba
se
d
on
we
t
we
ig
ht
,
an
d
wo
ul
d
no
t
me
et
th
e
re
qu
ir
em
en
ts
in
Te
xt
Bo
x
4.
Ho
we
ve
r,
th
es
e
da
ta
ha
ve
hi
st
or
ic
al
im
po
rt
an
ce
fo
r
th
ei
r
in
cl
us
io
n
of
tw
o
co
sm
og
en
ic
al
ly
fo
rm
ed
ra
di
on
uc
li
de
s.
7B
e
an
d
2N
a.
Fu
rt
he
r,
th
e
da
ta
se
t
re
fl
ec
te
d
th
e
ef
fe
ct
s
of
ra
in
fa
ll
on
th
e
fo
re
st
ed
sy
st
em
,
an
d
th
e
do
cu
me
nt
at
io
n
of
su
ch
ef
fe
ct
s
is
ra
re
in
nu
cl
ea
r
li
te
ra
tu
re
.
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TAB
LE 4
(cont
inued
)
NAT
URA
LLY
OCC
URR
ING
RAD
ION
UCL
IDE
S IN
LIC
HEN
S AN
D MO
SSE
S
FRO
M A
FOR
EST
IN W
ASH
ING
TON
STA
TE.
[966
—196
7 (f
rom
Jenk
ins
at al
. 197
2)
 
Spe
cie
s o
r s
ubs
tra
te
Air
Rain
fall
Licl
tcns
Hoh
Riv
er r
ain
fore
st
Quee
ts a
nd Q
uina
ult
rain
fore
sts
Mo
ss
Holt
River
rain
forest
Quce
te a
nd Q
uina
ult
rain
fore
sts
Lichc
ns/ai
r
Holt
River
rain
forest
Que
cte
and
Qui
nau
lt
rain
fore
sts
lich
ens/
rain
fall
Queet
e and
Quinu
ult r
ain fo
rests
Moss
/air
Hoh
River
rain
froest
Queete
and Qui
nault ra
in fores
ts
Moss/r
ainfal
l
Queetc
and Qui
nault r
ain fore
sts
Air
/ra
inf
all
Lic
hen
s/m
oss
es
(air
)
Hoh
River
rain
forest
Quectc
and Qui
nault r
ain fore
sts
Lich
ens/
moss
es (
rain
fall
)
Quee
te a
nd Q
uina
ult
rain
fore
sts
7lie/“Na
9490
34
74
3
5
6
9
5
0
0
2 l
4l
6]
.l
704
146
0.25
25.5
4.9
Geoc
hemi
cal
ratio
2.89
v4
5.]()
0.00l5
0. l 94
0.000
39
2.10
0.000
98
Bioaccum
ulation f
actor
"Na
“’K
X'l‘l
l
u
—v
6697
292
3
M
612
0
494
4
M
857
44
1618
2642
——
2|,6l
7
240
A“
0.42
4.l3
H
0.2
8
llNa
/4ll
K
7Bet/"Na
1.17
1.08
0.072
0.2
66
0.608
0.59
16.3
[TU/
“Na
9.
l7
46.7
7Be
/40
K
 
XTU
/“K
0.0
076
0.015 l
0.0032
0.030
XTU/
“Na
2,09
l.89
8,18
0.26
{TU
/“K
 
 R
a
d
i
o
n
u
c
l
i
d
e
d
a
t
a
f
r
o
m
Ar
ct
ic
e
c
o
s
y
s
t
e
m
s
o
m
th
e
a
t
m
o
s
p
h
e
r
e
in
th
e
n
o
r
t
h
e
r
n
h
e
m
i
s
p
h
e
r
e
fa
vo
rs
th
e
T
h
e
d
e
p
o
s
i
t
i
o
n
o
f
ra
di
on
uc
li
de
s
o
f
c
e
s
i
u
m
fr
la
ti
tu
de
s
ar
e
ra
th
er
li
mi
te
d
b
e
c
a
u
s
e
o
f
th
e
c
l
i
m
a
t
e
n
o
r
t
h
e
r
n
m
o
s
t
la
ti
tu
de
s.
S
o
m
e
o
f
th
e
ec
ol
og
ic
al
s
y
s
t
e
m
s
in
th
es
e
co
nd
it
io
ns
.
A
n
i
m
p
o
r
t
a
n
t
s
y
s
t
e
m
in
th
es
e
r
e
g
i
o
n
s
is
th
e
li
ch
en
—
r
e
i
n
d
e
e
r
/
c
a
r
i
b
o
u
—
h
u
m
a
n
f
o
o
d
ch
ai
n.
L
i
c
h
e
n
s
,
a
p
l
a
n
t
—
f
u
n
g
u
s
s
y
m
b
i
o
n
t
,
c
a
n
re
ad
il
y
a
c
c
u
m
u
l
a
t
e
me
ta
ll
ic
e
l
e
m
e
n
t
s
b
e
c
a
u
s
e
s
o
m
e
o
f
th
e
pl
an
t
ma
te
ri
al
b
e
h
a
v
e
s
li
ke
a
n
i
o
n
-
e
x
c
h
a
n
g
e
re
si
n.
Me
ta
ll
ic
e
l
e
m
e
n
t
s
in
pa
rt
ic
ul
at
e
ma
tt
er
a
n
d
ae
ro
so
l
ma
te
ri
al
s
o
f
a
t
m
o
s
p
h
e
r
i
c
fa
ll
ou
t
wi
ll
co
ll
ec
t
o
n
th
e
li
ch
en
s
a
n
d
c
a
n
di
sp
la
ce
b
o
u
n
d
h
y
d
r
o
g
e
n
at
om
s.
C
e
s
i
u
m
io
ns
ar
e
po
si
ti
ve
a
n
d
un
iv
al
en
t
a
n
d
re
ad
il
y
di
sp
la
ce
h
y
d
r
o
g
e
n
in
i
o
n
-
e
x
c
h
a
n
g
e
sy
st
em
s.
T
h
u
s
,
th
e
c
h
e
m
i
c
a
l
b
e
h
a
v
i
o
r
o
f
ra
di
on
uc
li
de
s
o
f
c
e
s
i
um
,
as
in
'3
7C
s,
as
su
re
s
th
at
,
if
it
co
nt
ac
ts
li
ch
en
s,
it
wi
ll
b
e
in
co
rp
or
at
ed
in
to
th
e
ti
ss
ue
t
h
r
o
u
g
h
th
is
i
o
n
-
e
x
c
h
a
n
g
e
m
e
c
h
a
n
i
s
m
.
R
e
i
n
d
e
e
r
a
n
d
ca
ri
bo
u
ea
t
th
e
li
ch
en
s,
a
n
d
th
es
e
m
a
m
m
a
l
s
ar
e
in
tu
rn
th
e
f
o
o
d
o
f
re
si
de
nt
po
pu
la
ti
on
s.
T
h
i
s
f
o
o
d
ch
ai
n
p
a
t
h
w
a
y
to
m
a
n
o
f
th
e
ra
di
on
uc
li
de
s
o
f
c
e
s
i
u
m
h
a
s
b
e
e
n
st
ud
ie
d
in
va
ri
ou
s
Ar
ct
ic
re
gi
on
s,
in
cl
ud
in
g
no
rt
he
rn
C
a
n
a
d
a
,
Al
as
ka
,
D
e
n
m
a
r
k
a
n
d
th
e
F
a
r
o
e
Is
la
nd
s,
S
w
e
d
e
n
,
N
o
r
w
a
y
,
Fi
nl
an
d,
a
n
d
C
o
m
m
o
n
w
e
a
l
t
h
o
f
I
n
d
e
p
e
n
d
e
n
t
St
at
es
(f
or
me
rl
y
Ru
ss
ia
).
T
a
b
l
e
5
li
st
s
th
e
co
nc
en
tr
at
io
ns
o
f
c
e
s
i
u
m
a
n
d
st
ro
nt
iu
m
in Arctic biota.
T
h
e
st
ud
ie
s
o
f
Ar
ct
ic
sp
ec
ie
s
a
n
d
ra
di
oa
ct
iv
e
c
e
s
i
u
m
lo
ad
in
gs
g
o
b
a
c
k
to
19
69
.
U
N
S
C
E
A
R
(
1
9
7
7
)
re
po
rt
ed
o
n
th
e
w
o
r
k
t
h
r
o
u
g
h
th
e
ea
rl
y
a
n
d
m
i
d
d
l
e
19
70
5.
F
o
l
l
o
w
i
n
g
th
e
ac
ci
de
nt
at
th
e
n
uc
l
e
a
r
p
o
w
e
r
pl
an
t
at
C
h
e
r
n
o
b
y
l
(U
kr
ai
ne
)
in
19
86
,
re
se
ar
ch
er
s
a
n
d
G
o
v
e
r
n
m
e
n
t
ag
en
ci
es
u
n
d
e
r
t
o
o
k
n
e
w
st
ud
ie
s
o
f
a
t
m
o
s
p
h
e
r
i
c
de
po
si
ti
on
in
th
e
Ar
ct
ic
.
M
a
n
y
o
f
th
e
re
su
lt
s
o
f
th
es
e
st
ud
ie
s
a
p
p
e
a
r
e
d
in
1
9
9
5
in
a
sp
ec
ia
l
s
y
m
p
o
s
i
u
m
o
n
po
ll
ut
io
n
in
th
e
Ar
ct
ic
(
V
o
l
u
m
e
16
0/
16
1,
Sc
ie
nc
e
o
f
th
e
To
ta
l
En
vi
ro
nm
en
t)
.
T
h
e
re
se
ar
ch
ﬁ
n
d
i
n
g
s
up
d
a
t
e
d
im
po
rt
an
t
in
fo
rm
at
io
n
o
n
‘3
7C
s
le
ve
ls
in
Ar
ct
ic
sp
ec
ie
s,
in
cl
ud
in
g
s
o
m
e
sp
ec
ie
s
no
t
pr
ev
io
us
ly
co
ns
id
er
ed
.
(A
rc
ti
c
Mo
ni
to
ri
ng
a
n
d
A
s
s
e
s
s
m
e
n
t
P
r
o
g
r
a
m
,
19
97
.)
24
  
J
J
J
J
J
J
J
J
J
A
J
A
A
A
A
A
A
J
A
A
A
A
A
A
A
A
A
A
$
A
$
3
5
1
$
%
A
%
&
A
A
%
WMSMS
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TABLE 5
RADI
ONUC
LIDE
S IN
ARCT
IC B
IOTA
(LIC
HENS
AND
MOSS
ES)
Stud
y: N
ifon
tova
(199
5)
Radion
uclide
s in l
ichens
and mo
sses f
rom Y
amal
Penins
ula (R
ussia)
, an A
rctic
Regio
n
Nuclide a
ctivity (B
q/kg)
Species
“Sr
'"Cs
9°Sr/m
Cs
Species
90Sr
'"Cs
90Sr/mC
s»
Lichcn
s:
Mosses
:
(Vadin
a rang
qﬁ’riu
a
40 i
10
3 l 5 i
30
0.12
[)icra
num sp
ndice
um
160 i
40
170 i
10
0.94
C syl
mu'ca
50 i
10
280 i
30
0. I 8
l). elo
ngalm
n
1 10 i
15
270 i
20
0.40
C Ste/I
an's
40 i 10
150 i 3
0
0.27
llyloco
mium sp
lendens
130 i 1
0
120 i 1
0
1.08
('. aru
bsmla
70 i
IO
220 i
30
0.32
l’olﬂr
ic/nnn
commu
ne
150 :E
20
340 i
60
0.44
C. mitis
50 i 10
320 i 3
0
0.16
P. Stric
lum
50 :t 10
150 i 1
0
0.33
('. mica/
is
‘—
350 i 5
0
I’. grad
/is
90 i 20
80 i 20
LB
(‘lado
m'a el
onguta
150 i
20
160 i
20
0.94
R/zaro
mitriu
m Ialm
ginos
um
160 :t
30
410 i
10
0.39
(‘. amau
rocrea
ca
l 10 :t 3
0
335 :t 5
0
0.31
Sphagn
um ripa
rium
I 10 i 2
0
300 i 3
0
0.37
(‘clrari
a L‘hl‘Sﬂ
IIl/la
30 i 5
180 i 3
0
0.17
S. ruby
/[um
120 i 2
0
220 i 2
0
0.55
C hipa
lison
90 i 20
140 i 2
0
0.64
S. squa
rrosum
30 :t 10
120 i 2
0
0.25
C isla
ndica
40 i 5
280 i 9
0
0. l4
S. wulﬁ
anum
60 2t 10
80 i 20
0.75
(V. lacvi
gala
30 i 10
50 i 10
0.60
Snmjus
70 i 10
90 2t [0
078
Thamnoli
a vermicul
aris
120 i 20
140 i 10
0,86
Sfusr‘um
130 i 10
330 i 50
0.39
SIL’I‘OCH
UIOII to
memosu
m
60 i 10
40 i 10
1.5
S. ball
icum
150 i 1
0
360 i 9
0
0.42
S. lenen
se
120 :+: 3
0
260 i 5
0
0.46
2
5
  
  
T
A
B
L
E
5
(c
on
ti
nu
ed
)
E
L
E
M
E
N
T
A
L
AN
AL
YS
ES
(I
NC
LU
DI
NG
RA
DI
ON
UC
LI
DE
S)
0F
A
R
C
T
I
C
B
I
O
T
A
S
t
u
d
y
:
N
i
f
o
n
t
o
v
a
(
I
9
9
5
)
Av
er
ag
e
ac
ti
vi
ty
of
nu
cl
id
es
(B
q/
kg
)
°°
Sr
“7
C5
Av
er
ag
e
ac
ti
vi
ty
of
nu
cl
id
es
(B
q/
kg
)
“S
r
'"
Cs
(‘
Ia
di
na
(5
sp
p.
)
50
25
7
[)
ir
‘r
an
im
n
(2
sp
p.
)
I3
5
22
0
Cl
ad
om
'a
(2
sp
p.
)
13
0
24
7.
5
Pa
ly
lr
ic
lm
m
(3
SP
P~
)
96
.7
90
(‘
er
lr
ar
ia
(4
sp
p.
)
54
8
16
2.
5
Sp
lm
gm
mz
(8
sP
P-
)
98
.8
22
0
Li
ch
en
s
(l
3
sp
p.
)
64
.6
20
08
Mo
ss
es
(I
S
sp
p)
l0
‘)
.3
22
0
Li
ch
en
s
(I
4
sp
p.
)
2]
L4
Ge
oc
he
mi
ca
l
ra
ti
os
fo
r
90
Sr
/m
Cs
:
En
ri
ch
me
nt
fa
ct
or
s
(E
F)
fo
r
pl
an
ts
su
bj
ec
t
to
nu
cl
ea
r
fa
ll
ou
t:
Nu
cl
ea
r
fa
ll
ou
t
0.
62
5
(E
F)
li
ch
en
s/
fa
ll
ou
t
0.
76
5
Al
l
li
ch
en
s
0.
47
8
(E
F)
mo
ss
es
/f
al
lo
ut
0.
92
6
Al
l
mo
ss
es
0.
57
9
(E
F)
(l
ic
he
ns
+
mo
ss
es
)/
fa
ll
ou
t
0.
85
l
Li
ch
en
s
+
mo
ss
es
0.
53
2
2
6
No
te
s:
"R
"
is
th
e
ge
oc
he
mi
ca
l
ra
ti
o
ba
se
d
on
th
e
ac
ti
vi
ty
me
as
ur
em
en
ts
in
di
ca
te
d
in
th
e
co
lu
mn
s
to
th
e
lef
t.
Th
e
l3
li
ch
en
s
ar
e
th
os
e
fo
r
wh
ic
h
th
er
e
ar
e
bo
th
Sr
an
d
Cs
da
ta
.
Th
e
14
li
ch
en
s
ar
e
fo
r
th
e
en
ti
re
co
ll
ec
ti
on
of
li
ch
en
s.
Th
e
ge
oc
he
mi
ca
l
ra
ti
os
ar
e
ba
se
d
on
13
li
ch
en
s
an
d
15
mo
ss
es
.
Th
e
co
mb
in
ed
ge
oc
he
mi
ca
l
ra
ti
o
fo
r
li
ch
en
s
an
d
mo
ss
es
is
ba
se
d
on
28
pl
an
t
sp
ec
ie
s.
“E
F”
is
th
e
en
ri
ch
me
nt
fa
ct
or
,
wh
ic
h
is
th
e
ra
ti
o
of
ge
oc
he
mi
ca
l
ra
ti
os
of
th
e
tw
o
in
di
ca
te
d
nu
cl
id
es
re
la
ti
ve
to
th
ei
r
re
sp
ec
ti
ve
me
di
a
or
su
bs
tr
at
es
(t
hu
s,
EF
fo
r
li
ch
en
s/
fa
ll
ou
t
is
th
e
ra
ti
o o
f
th
e
ge
oc
he
mi
ca
l
ra
ti
os
fo
r
ea
ch
nu
cl
id
e
in
li
ch
en
s
to
th
e
ge
oc
he
mi
ca
l
ra
ti
o
of
th
e
  
t
w
o
nu
cl
id
es
in
fa
ll
ou
t)
,
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BIOACCUMULATION IN SOIL MICROFLORA
The
re
are
sev
era
l k
ind
s o
f o
rga
nis
ms
imp
ort
ant
in t
he
cyc
lin
g o
f el
eme
nts
thr
oug
h e
cos
yst
ems
that
can
acc
umu
lat
e el
eme
nts
fro
m ai
r an
d so
ils.
The
soil
lay
er r
nic
roﬂ
ora
, es
pec
ial
ly t
he
fun
gi,
are
ver
y im
por
tan
t, b
ut t
his
gro
up
ofor
gan
ism
s i
s of
ten
ove
rlo
oke
d i
n un
der
sta
ndi
ng
the
mo
ve
me
nt
of
ele
men
ts
thr
oug
h e
cos
yst
ems
. B
eca
use
so
me
fun
gi
are
edi
ble
(e. g
., s
ele
cte
d s
pec
ies
of
mus
hro
oms
),
the
int
ere
st i
n a
ccu
mul
ate
d e
lem
ent
s h
as
app
lic
abi
lit
y
to r
isk
ass
ess
men
t t
o e
cos
yst
ems
and
hum
ans
. F
urt
her
, t
he
fun
gi
pro
vid
e a
com
par
iso
n g
rou
p t
o t
he
lic
hen
s a
nd
mos
ses
, w
hic
h h
ave
bee
n p
rev
iou
sly
dis
cus
sed
. H
owe
ver
, d
ata
set
s o
n b
ioa
ccu
mul
ati
on
ofe
lem
ent
s w
ere
ava
ila
ble
mai
nly
for
Eur
ope
an
spe
cie
s n
ot
Nor
th
Ame
ric
an
spe
cie
s.
BIOLOGICAL PRODUCTIVITY
Bec
aus
e o
f th
e im
por
tan
ce
ofb
iol
ogi
cal
pro
duc
tiv
ity
mea
sur
eme
nts
in a
n d
isc
uss
ion
ofb
ioa
ccu
mul
ati
on
and
bio
mag
niﬁ
cat
ion
of
var
iou
s n
ucl
ide
s,
thi
s s
ect
ion
beg
ins
wit
h a
sho
rt
dis
cus
sio
n o
f t
he
sub
jec
t a
nd
a r
evi
ew
oft
he
ava
ila
ble
dat
a o
n b
iol
ogi
cal
pro
duc
tiv
ity
for
var
iou
s l
oca
tio
ns
wit
hin
the
Gre
at
Lak
es
Bas
in.
A f
und
ame
nta
l
res
ear
ch
pro
ble
m i
n b
iol
ogy
is h
ow
bio
log
ica
l s
yst
ems
sus
tai
n t
hem
sel
ves
. S
cie
nti
sts
wan
t t
o q
uan
tif
y t
hos
e
sus
tai
nin
g pr
ope
rti
es,
the
mos
t of
imp
ort
ant
ofw
hic
h is
the
abil
ity
to p
rod
uce
new
pro
top
las
m to
rep
lac
e th
e ag
ing
,
inj
ure
d,
dis
eas
ed,
dea
d,
or
los
t (
rem
ove
d)
pro
top
las
m w
hil
e a
ssu
rin
g t
hat
the
ne
w p
rot
opl
asm
mai
nta
ins
the
spe
cia
tio
n an
d di
str
ibu
tio
n to
sus
tai
n th
e di
ffe
ren
t ki
nds
(div
ersi
ty)
of s
pec
ies
that
for
m th
e bi
olo
gic
al s
yst
em.
The
pro
duc
tio
n o
fpr
oto
pla
sm
in b
iol
ogi
cal
ass
emb
lag
es
and
eco
sys
tem
s i
s bi
olo
gic
alp
rod
uct
ivi
ty.
Thi
s i
nve
nto
ry o
f
rad
ion
ucl
ide
is t
he
pro
duc
t o
f t
wo
ter
ms:
the
rad
ion
ucl
ide
acti
vity
in a
bio
log
ica
l c
omp
art
men
t a
nd
the
mas
s o
f
that
com
par
tme
nt.
The
ter
m u
sua
lly
kno
wn
to
the
Tas
k F
orc
e i
s th
e r
adi
onu
cli
de
acti
vity
for
som
e m
edi
um,
subs
trat
e, o
r e
ven
com
par
tme
nt.
Bec
aus
e t
he s
eco
nd
ter
m in
the
pro
duc
t is
usu
all
y ab
sen
t, t
he
ava
ila
ble
dat
a c
an
onl
y s
ho
w t
he
rel
ati
ve
dis
tri
but
ion
ofr
adi
onu
cli
des
wit
hin
com
par
tme
nts
but
no
ove
ral
l a
bso
lut
e e
sti
mat
e o
f th
eir
presence.
The “metabolism of lakes”
Lim
nol
ogi
sts
des
ire
d a
uni
fyi
ng
con
cep
t t
o a
nal
yze
the
nut
rie
nt-
ind
uce
d e
xce
ss
or
lux
uri
ant
bio
mas
s
pro
duc
tiv
ity
of l
ake
s (e
utr
oph
ica
tio
n).
Wil
hel
m R
hod
e c
onv
ene
d a
sem
ina
r o
n th
e s
ubj
ect
of "
lak
e me
tab
oli
sm"
(Er
geb
nie
sse
der
Lim
nol
ogi
e,
197
9)
in w
hic
h h
e c
omp
are
d a
lak
e t
o a
liv
ing
org
ani
sm
wit
h a
"me
tab
oli
sm"
that
can
be s
tudi
ed m
uch
as t
he p
hysi
cian
s st
udy
the
met
abo
lis
m of
hum
an p
atie
nts.
Tra
dit
ion
all
y, t
he m
eas
ure
men
t o
f or
gan
ism
al m
eta
bol
ism
tra
cks
the
oxy
gen
sup
pli
ed t
o th
e or
gan
ism
and
use
d a
nd
the
car
bon
dio
xid
e re
tur
ned
. D
uri
ng
per
iod
s o
f ph
oto
syn
the
sis
, pl
ant
s pa
rtia
lly
rev
ers
e th
e pr
oce
ss a
nd
con
sum
e c
arb
on
dio
xid
e a
nd
ret
urn
oxy
gen
. H
owe
ver
, p
hot
osy
nth
esi
s r
are
ly
ﬁxe
s a
ll
of
the
car
bon
dio
xid
e
pro
duc
ed
thr
oug
h re
spi
rat
ion
and
met
abo
lis
m,
and
thu
s o
ne
typ
ica
lly
obs
erv
es
dim
ini
she
d ra
tes
ofc
arb
on
dio
xid
e
pro
duc
tio
n d
uri
ng p
eri
ods
of p
hot
osy
nth
eti
c ac
tivi
ty r
elat
ive
to p
eri
ods
of n
onp
hot
osy
nth
eti
c ac
tivi
ty,
rat
her
tha
n
reversal of the direction of the metabolic measurements.
Sin
ce o
nly
pla
nts
and
som
e ph
oto
syn
the
tic
pro
toz
oan
s ca
n ca
rry
out
pho
tos
ynt
hes
is i
n fr
esh
wat
er s
yst
ems
,
pro
duc
tiv
ity
in c
ons
ume
r or
gan
ism
s m
ove
s i
n th
e sa
me
dir
ect
ion
asm
eta
bol
ism
; o
xyg
en
upt
ake
and
car
bon
dio
xid
e
rele
ase.
Fur
the
r, i
f th
ere
is o
rga
nis
mal
dea
th
or t
issu
e de
str
uct
ion
, t
he b
act
eri
al r
esp
ira
tio
n re
lea
se n
utr
ien
ts b
ack
to t
he p
ool,
pro
duc
ing
larg
e am
oun
ts
of c
arb
on d
ioxi
de a
nd c
reat
ing
oxy
gen
deﬁc
its.
Who
le-
lak
e pr
odu
cti
vit
y s
ums
the
pro
duc
tiv
ity
of e
ach
bio
log
ica
l c
omp
art
men
t.
Who
le-
lak
e m
eta
bol
ism
sum
s t
he
met
abo
lis
m o
f e
ach
bio
log
ica
l c
omp
art
men
t.
Dep
end
ing
on
how
one
vie
ws
the
sys
tem
, a
bio
log
ica
l
com
par
tme
nt
may
con
sis
t o
f th
e p
opu
lat
ion
of a
spe
cie
s or
the
pop
ula
tio
n o
f a
bio
log
ica
l a
sse
mbl
age
of
spe
cie
s
or
the
bio
mas
ses
of
the
spe
cie
s t
hat
per
for
m s
ome
col
lec
tiv
e e
cos
yst
em
tas
k o
f nu
tri
ent
and
ene
rgy
cyc
lin
g.
Lim
nol
ogi
sts
can
usua
lly
mea
sur
e so
me c
omp
one
nts
ofp
rodu
ctiv
ity
and
som
e co
mpo
nen
ts o
fme
tab
oli
sm,
but
not
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 al
l
of
th
e
co
mp
on
en
ts
of
ea
ch
,
an
d
no
t
al
wa
ys
bo
th
co
mp
on
en
ts
fo
r
a
si
ng
le
bi
ot
ic
co
mp
ar
tm
en
t.
Th
er
ef
or
e,
li
mn
ol
og
is
ts
se
ek
pr
ed
ic
ti
ve
re
la
ti
on
sh
ip
s
be
tw
ee
n
va
ri
ou
s
ki
nd
s
of
pr
od
uc
ti
vi
ty
an
d
me
ta
bo
li
sm
da
ta
to
ob
ta
in
th
e
wh
ol
e-
la
ke
pr
od
uc
ti
vi
ty
an
d
wh
ol
e-
la
ke
me
ta
bo
li
sm
as
we
ll
as
th
e
pr
od
uc
ti
vi
ty
an
d
me
ta
bo
li
sm
of
cr
it
ic
al
bi
ot
ic
pa
rt
s
of
th
e
la
ke
ec
os
ys
te
m.
Be
ca
us
e
of
th
e
co
mp
le
xi
ty
of
ma
ny
of
th
es
e
re
la
ti
on
sh
ip
s,
th
e
pr
ed
ic
ti
on
of
th
e
pr
od
uc
ti
vi
ty
co
mp
on
en
ts
,
es
pe
ci
al
ly
in
te
rm
s
of
sp
ec
ia
ti
on
,
is
on
e
of
th
e
gr
ea
t
re
se
ar
ch
pr
ob
le
ms
gu
id
in
g
li
mn
ol
og
ic
al
in
ve
st
ig
at
io
n,
an
d
th
e
mo
ti
va
ti
on
fo
r
th
e
de
ve
lo
pm
en
t
of
se
ns
it
iv
e
an
d
wi
de
ly
ap
pl
ic
ab
le
me
th
od
s
to
me
as
ur
e
th
e
mo
re
di
fﬁ
cu
lt
se
co
nd
ar
y
pr
od
uc
ti
vi
ty
.
Be
ca
us
e
eu
tr
op
hi
ca
ti
on
co
mp
li
ca
te
s
th
e
re
la
ti
on
sh
ip
s
be
tw
ee
n
me
ta
bo
li
sm
an
d
pr
od
uc
ti
vi
ty
,
th
e
Ta
sk
Fo
rc
e
ca
ut
io
ns
ag
ai
ns
t
ex
tr
ap
ol
at
in
g
me
ta
bo
li
c
an
d
pr
od
uc
ti
vi
ty
da
ta
fr
om
lo
w
nu
tr
ie
nt
sy
st
em
s
to
eu
tr
op
hi
c
sy
st
em
s,
or
ev
en
fr
om
on
e
eu
tr
op
hi
c
sy
st
em
to
an
ot
he
r.
Di
re
ct
me
as
ur
em
en
ts
of
th
e
ma
ss
of
an
el
em
en
t
in
a
bi
ol
og
ic
al
co
mp
ar
tm
en
t
te
nd
to
be
mo
re
di
fﬁ
cu
lt
th
an
di
re
ct
me
as
ur
em
en
ts
of
th
e
ac
ti
vi
ty
of
a
ra
di
on
uc
li
de
,
bu
t
th
e
qu
an
ti
ﬁc
at
io
n
of
a
ra
di
on
uc
li
de
fo
r
pu
rp
os
es
of
es
ta
bl
is
hi
ng
an
in
ve
nt
or
y
ca
n
be
ov
er
wh
el
mi
ng
.
Th
e
di
fﬁ
cu
lt
ie
s
be
gi
n
wi
th
sa
mp
li
ng
of
bi
ol
og
ic
al
su
bs
tr
at
es
,
qu
al
it
y
as
su
ra
nc
e
on
an
al
yt
ic
al
me
th
od
s
an
d
in
st
ru
me
nt
at
io
n,
ov
er
co
mi
ng
li
mi
ta
ti
on
s
at
th
e
"l
ow
er
le
ve
l
of
de
te
ct
io
n,
"
th
e
nu
mb
er
of
an
al
ys
es
re
qu
ir
ed
fo
r
a
re
as
on
ab
le
ap
pl
ic
at
io
n
of
st
at
is
ti
cs
,
an
d
th
e
de
si
gn
of
th
e
pr
ot
oc
ol
s
fo
r
th
e
st
ud
ie
s
to
ob
ta
in
th
e
nu
cl
id
e
da
ta
fo
r
an
in
ve
nt
or
y.
Ma
ny
of
th
e p
ro
bl
em
s
me
nt
io
ne
d
in
th
e p
re
vi
ou
s
pa
ra
gr
ap
h
re
qu
ir
e
an
it
er
at
iv
e
ap
pr
oa
ch
fo
r t
he
ir
so
lu
ti
on
.
Ca
re
fu
l
an
al
ys
es
an
d
qu
es
ti
on
in
g
en
ab
le
re
ﬁn
em
en
t
of
sa
mp
li
ng
an
d
an
al
yt
ic
al
pr
oc
ed
ur
es
.
A
co
ns
id
er
at
io
n
th
at
st
ro
ng
ly
im
pa
ct
s
th
e
pr
oc
es
s
of
ob
ta
in
in
g
su
it
ab
le
da
ta
an
d
ca
lc
ul
at
in
g
th
e
in
ve
nt
or
ie
s
fo
r
nu
cl
id
es
an
d
th
at
pr
es
en
ts
a
sp
ec
ia
l b
ar
ri
er
is
th
at
on
e
mu
st
re
al
ly
kn
ow
in
ad
va
nc
e
ho
w
va
ri
ou
s
ch
em
ic
al
el
em
en
ts
in
th
e
bi
ol
og
ic
al
su
bs
tr
at
es
in
a
gi
ve
n
co
mp
ar
tm
en
t
re
la
te
or
in
te
ra
ct
wi
th
ea
ch
ot
he
r
as
we
ll
as
ho
w
di
ff
er
en
t
bi
ol
og
ic
al
co
mp
ar
tm
en
ts
re
la
te
an
d
in
te
ra
ct
wi
th
ea
ch
ot
he
r.
Su
ch
in
fo
rm
at
io
n
is
ra
re
ly
kn
ow
n
in
ad
va
nc
e
of
a
st
ud
y,
bu
t
it
se
lf
is
gl
ea
ne
d
fr
om
th
e
wo
rk
as
a
st
ud
y
pr
og
re
ss
es
.
Th
at
me
an
s
on
e
ne
ed
s
to
be
gi
n
wi
th
so
me
ra
th
er
ed
uc
at
ed
gu
es
se
s
to
mi
ni
mi
ze
un
pr
od
uc
ti
ve
ﬁe
ld
an
d
la
bo
ra
to
ry
wo
rk
.
Ra
di
oa
ct
iv
it
y
ad
ds
to
th
e
pr
ob
le
ms
en
co
un
te
re
d
in
an
ov
er
al
l
un
de
rs
ta
nd
in
g
of
th
e
pr
oc
es
se
s
of
el
em
en
t
up
ta
ke
an
d
cy
cl
in
g
an
d
as
so
ci
at
ed
ob
se
rv
ed
ph
en
om
en
a
in
th
e
fo
ll
ow
in
g
wa
ys
.
(1
)
A
ra
di
on
uc
li
de
is
an
un
st
ab
le
ve
rs
io
n
of
th
e
el
em
en
t.
Its
ra
di
oa
ct
iv
e
de
ca
y
ma
y
pr
od
uc
e
a n
uc
li
de
(s
)
of
a
ne
w
el
em
en
t(
s)
.
Al
th
ou
gh
th
e
or
ig
in
al
el
em
en
t
ma
y
ha
ve
be
en
in
co
rp
or
at
ed
in
to
bi
ol
og
ic
al
ti
ss
ue
s,
th
e
da
ug
ht
er
nu
cl
id
es
of
di
ff
er
en
t
el
em
en
ts
in
th
os
e
ti
ss
ue
s
in
vo
ke
an
en
ti
re
ly
ne
w
se
t
of
ch
em
ic
al
pr
oc
es
se
s
wi
th
di
ff
er
en
t
me
ta
bo
li
c
an
d
ph
ys
io
lo
gi
ca
l
re
sp
on
se
s
by
th
e
or
ga
ni
sm
,
in
tr
od
uc
e
ne
w
el
em
en
t
to
xi
ci
ty
co
nc
er
ns
,
an
d
re
qu
ir
e
th
at
th
e
or
ga
ni
sm
to
us
e
a
di
ff
er
en
t
su
it
e
of
de
to
xi
ﬁc
at
io
n
an
d
de
pu
ra
ti
on
me
ch
an
is
ms
to
pr
ot
ec
t
it
se
lf
.
H
o
w
th
e
tr
an
sp
or
t
pr
oc
es
se
s
as
so
ci
at
ed
wi
th
a
da
ug
ht
er
nu
cl
id
e
wi
ll
im
pa
ct
th
e
tr
an
sp
or
t p
ro
ce
ss
es
of
th
e p
ar
en
t
nu
cl
id
e
is
al
so
of
co
nc
er
n.
(2
)
Ra
di
oa
ct
iv
it
y
ad
ds
its
ow
n
to
xi
ci
ty
to
an
y
ch
em
ic
al
to
xi
ci
ty
of
th
e
nu
cl
id
e.
Ev
en
no
n-
me
ta
bo
li
ca
ll
y
ac
ti
ve
nu
cl
id
es
ma
y
ca
us
e p
hy
si
ol
og
ic
al
ha
rm
th
ro
ug
h
ra
di
at
io
n-
ma
tt
er
in
te
ra
ct
io
ns
:
in
te
rn
al
ir
ra
di
at
io
n.
Fu
rt
he
r,
in
te
rn
al
ir
ra
di
at
io
n
co
nt
in
ue
s
as
lo
ng
as
th
e
ti
ss
ue
s
re
ta
in
th
e
nu
cl
id
es
.
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The “trophic cascade” concept
Biol
ogic
al p
rodu
ctiv
ity i
n the
Grea
t La
kes
is a
comp
lica
ted
set o
f pro
cess
es a
nd i
nclu
de t
he st
rateg
ies o
f
pred
atio
n of
the
ind
ige
nou
s bi
ota,
the
inva
sion
of s
peci
es f
rom
fore
ign
habi
tats
, sh
ifts
in h
abit
at s
truc
ture
with
in
the G
reat
Lake
s an
d the
pres
ence
ofm
any
diff
eren
t kin
ds o
f pol
luta
nts,
both
radi
oact
ive
and
chem
ical
. As
used
by C
arp
ent
er a
nd K
itch
ell
(199
3),
this
mod
el i
s on
e of
a “t
roph
ic c
asc
ade
” th
at a
ttem
pts
to "
brid
ge e
cos
yst
em a
nd
popu
lati
on e
colo
gy."
The
for
mer
disc
ipli
ne t
ends
to e
mph
asi
ze l
arge
scal
epr
oce
sse
s of
nutr
ient
and
ene
rgy
cycl
ing
thr
oug
h co
mpl
ex c
omp
art
men
ts w
hil
e th
e la
tter
disc
ipli
ne e
xam
ine
s mo
re
mic
ros
cal
e pr
oces
ses
with
in s
peci
es o
r
biot
ic a
sse
mbl
age
s wi
tho
ut
nece
ssar
ily
reﬂe
ctin
g e
cos
yst
em
orga
niza
tion
. O
ne
beg
ins
wit
h s
impl
e f
ood
-we
b
rela
tion
ship
s o
f pr
ima
ry
prod
ucti
vity
and
detr
ital
prod
ucti
on,
add
s t
he
con
sum
pti
on
of
thes
e re
sour
ces
by
inve
rteb
rate
s in
pla
nkt
on
and
ben
tho
s a
nd
the
high
er t
roph
ic l
evel
con
sum
pti
on o
f th
ese
reso
urce
s b
y ﬁs
hes,
rept
iles
, bi
rds,
and
mam
mal
s,
as
well
as
the
fee
dba
ck
pat
hwa
ys
whi
ch
rege
nera
te
prev
ious
ly
cons
ider
ed
compartments.
A "
casc
ade"
impl
ies
som
e ki
nd o
f "
dom
ino
effe
ct"
or “
amp
liﬁ
cat
ion
phe
nom
eno
n”
in a
syst
em.
Eac
h
isol
atab
le o
r de
fina
ble
foo
d ch
ain
or f
ood
web
subu
nit
cou
ld m
ani
fes
t a
poss
ible
casc
ade.
By
exa
min
ing
the
relat
ive r
ates
ofpr
oduc
tivi
ty o
fdif
fere
nt el
emen
ts o
fthe
food
web
as in
ﬂuen
ced
by t
he po
pula
tion
-lev
el s
trate
gies
off
ood
choi
ces,
pre
y se
lect
ion
and
acqu
isit
ion,
sele
ctiv
e tox
icit
y, a
nd d
iffe
rent
ial
mort
alit
y of
abio
tic
and
exte
rnal
fact
ors
(e. g
. , ha
rves
ting
, cr
oppi
ng,
che
mic
al t
oxic
ity,
stoc
hast
ic e
ffec
ts o
fcl
imat
e ch
ange
), o
ne s
eeks
a de
scri
ptio
n
of h
ow t
he e
ntire
food
web
func
tion
s. If
the
effe
cts o
f ch
ange
s in
one
elem
ent
of a
food
web
prop
agat
e th
roug
h
the f
ood
web
to pr
oduc
e a r
apid
and,
some
time
s, h
ighl
y unp
redi
ctab
le r
eali
gnme
nt o
fthe
food
web
struc
ture,
such
an effect has "cascaded."
The
occu
rren
ce o
f a c
asca
de r
equi
res
that
the
food
web
have
, as
a mi
nim
um,
eith
er a
poin
t of
unus
ual
vuln
erab
ilit
y or
the i
nter
acti
ons o
fvar
ious
comp
onen
ts o
fthe
food
web
duri
ng e
nerg
y an
d ch
emic
al c
ycli
ng h
ave
som
e ba
sic
nonl
inea
r (s
ensu
: ma
them
atic
al r
athe
r tha
n bi
olog
ical
) pr
oper
ty t
o pe
rmit
an a
mpli
fica
tion
of s
ome
effec
t th
roug
h an
entir
e sy
stem
. A
poin
t of
vuln
erab
ilit
y us
uall
y ha
s th
e ch
arac
teri
stic
of a
posi
tive
feed
back
elem
ent
abov
e so
me t
hres
hold
syst
em v
alue
. Fo
r ex
ampl
e, s
ome
path
way
beco
mes
satu
rate
d an
d lo
ses
its
stabi
lizin
g con
trib
utio
n to
the f
ood
web,
or th
e pa
thwa
y be
come
s da
mag
ed a
nd n
o lo
nger
cont
ribu
tes o
r is r
emov
ed
from the food web.
Mos
t rea
l ec
osys
tems
have
both
poin
ts o
f vul
nera
bili
ty a
nd n
onli
near
prop
erti
es, e
ven
if th
e pa
rtic
ular
s
are u
nkno
wn. H
owev
er, a
n add
ition
al pr
oble
m is t
hat m
any
ofthe
mathe
matic
al an
d stat
istica
l tec
hniqu
es de
signe
d
to el
ucid
ate
casc
ade
beha
vior
have
meth
odol
ogic
al l
imit
atio
ns a
s to
the n
umb
er a
nd t
ype
of s
uch
vulne
rabi
liti
es
or no
nlin
ear p
rope
rtie
s the
y ca
n ha
ndle
simu
ltan
eous
ly.
Thes
e lim
itat
ions
give
rise
to pr
oduc
tion
ofma
them
atic
al
artif
acts
or t
he pr
edic
tion
s or
beha
vior
that
are n
ot c
onfi
rmed
by o
bser
vati
ons
or m
easu
reme
nts
on t
he s
yste
m
being studied.
Beca
use
the
casc
ade
conc
ept
inte
grat
es bi
olog
ical
and
chem
ical
beha
vior
of s
peci
es c
ommu
niti
es,
it
permi
ts si
multa
neous
consi
derat
ion
of th
e dis
tribu
tion
of ra
dionu
clide
s in
ecos
yste
ms w
ith
the e
ffect
s on
ecosy
stems
as mo
difie
d, if
neces
sary,
by th
e pre
sence
and q
uanti
ties
of ot
her b
iotic
and
abiot
ic fac
tors.
For t
he
Great
Lakes
, the
casca
de co
ncept
has b
een m
ainl
y app
lied
to the
dyna
mics
of ﬁs
herie
s as i
nﬂue
nced
by ch
ange
s
in phytoplankton, zooplankton, and selective macroinvertebrate benthos compartments.
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 PART II
B
I
O
A
C
C
U
M
U
L
A
T
I
O
N
O
F
S
P
E
C
I
F
I
C
E
L
E
M
E
N
T
S
T
h
i
s
s
e
c
t
i
o
n
a
d
d
r
e
s
s
e
s
i
n
d
i
v
i
d
u
a
l
e
l
e
m
e
n
t
s
a
n
d
n
u
c
l
i
d
e
s
w
i
t
h
r
e
s
p
e
c
t
to
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
a
n
d
b
i
o
m
a
g
n
i
f
i
c
a
t
i
o
n
fa
ct
or
s
fo
r
f
r
e
s
h
w
a
t
e
r
bi
ot
a.
T
h
e
d
a
t
a
p
r
e
s
e
n
t
a
t
i
o
n
s
d
r
a
w
f
r
o
m
m
a
n
y
s
t
ud
i
e
s
fo
r
t
h
e
G
r
e
a
t
L
a
k
e
s
a
n
d
o
t
h
e
r
lo
ca
ti
on
s.
A
f
e
w
s
e
l
e
c
t
e
d
d
a
t
a
ar
e
p
r
e
s
e
n
t
e
d
fo
r
te
rr
es
tr
ia
l
s
p
e
c
i
e
s
o
f
r
a
d
i
o
n
u
c
l
i
d
e
i
m
p
o
r
t
a
n
c
e
.
A
s
e
c
o
n
d
a
r
y
p
u
r
p
o
s
e
o
f
th
is
w
o
r
k
is
to
p
r
o
v
i
d
e
a
n
e
x
t
e
n
s
i
v
e
d
a
t
a
b
a
s
e
o
f
e
l
e
m
e
n
t
a
l
c
o
m
p
o
s
i
t
i
o
n
s
f
r
o
m
w
h
i
c
h
to
d
i
s
c
e
r
n
a
p
p
r
o
p
r
i
a
t
e
v
a
l
u
e
s
o
f
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
a
n
d
b
i
o
m
a
g
n
i
f
i
c
a
t
i
o
n
fa
ct
or
s
r
a
d
i
o
n
uc
l
i
d
e
s
o
f
va
r
i
o
us
e
l
e
m
e
n
t
s
a
n
d
to
c
o
n
ﬁ
r
m
w
h
i
c
h
fa
ct
or
s
f
r
o
m
ta
bl
es
f
r
o
m
R
a
d
i
o
a
c
t
i
vi
t
y
in
th
e
M
a
r
i
n
e
E
n
v
i
r
o
n
m
e
n
t
(
N
a
t
i
o
n
a
l
A
c
a
d
e
m
y
o
f
S
c
i
e
n
c
e
s
19
71
);
th
e
li
st
in
g
o
f
C
h
a
p
m
a
n
et
al
.
ar
e
th
e
m
o
s
t
a
p
p
r
o
p
r
i
a
t
e
fo
r
G
r
e
a
t
L
a
k
e
s
w
o
r
k
.
TRITIUM
B
e
c
a
u
s
e
o
f
it
s
w
i
d
e
s
p
r
e
a
d
p
r
e
s
e
n
c
e
in
th
e
ef
fl
ue
nt
s
(
b
o
t
h
a
t
m
o
s
p
h
e
r
i
c
a
n
d
aq
ua
ti
c)
o
f
n
u
c
l
e
a
r
p
o
w
e
r
pl
an
ts
,
tr
it
iu
m
w
a
s
d
i
s
c
u
s
s
e
d
in
de
ta
il
in
th
e
I
n
v
e
n
t
o
r
y
re
po
rt
.
M
o
s
t
o
f
th
e
T
a
s
k
F
o
r
c
e
d
a
t
a
w
e
r
e
t
a
k
e
n
f
r
o
m
a
s
y
m
p
o
s
i
u
m
v
o
l
u
m
e
p
r
e
p
a
r
e
d
b
y
th
e
I
A
E
A
,
B
e
h
a
v
i
o
u
r
o
f
T
r
i
t
i
um
in
th
e
E
n
v
i
r
o
n
m
e
n
t
.
T
h
e
s
y
m
p
o
s
i
u
m
v
o
l
u
m
e
p
a
p
e
r
h
a
s
th
re
e
va
l
ua
b
l
e
p
a
p
e
r
s
o
n
tr
it
iu
m
u
p
t
a
k
e
b
y
aq
ua
ti
c
bi
ot
a:
a
p
a
p
e
r
b
y
B
l
a
y
l
o
c
k
a
n
d
F
r
a
n
k
(
1
9
7
9
)
o
n
s
o
m
e
pl
an
ts
a
n
d
a
n
i
m
a
l
s
f
r
o
m
a
p
o
n
d
o
n
th
e
O
a
k
R
i
d
g
e
R
e
s
e
r
v
e
(
T
e
n
n
e
s
s
e
e
)
,
i
n
c
l
u
d
i
n
g
t
w
o
in
ve
rt
eb
ra
te
s
a
n
d
th
re
e
w
a
r
r
n
w
a
t
e
r
ﬁs
he
s;
a
p
a
p
e
r
o
f
K
i
r
c
h
m
a
n
n
et
al
.
(
1
9
7
9
)
o
n
se
ve
ra
l
fr
es
hw
at
er
a
n
d
m
a
r
i
n
e
sp
ec
ie
s
to
th
e
ar
ra
y,
in
cl
ud
in
g
a
s
a
l
m
o
n
i
d
sp
ec
ie
s
a
n
d
im
po
rt
an
t
in
fo
rm
at
io
n
o
n
th
e
di
st
ri
bu
ti
on
o
f
tr
it
iu
m
in
ce
ll
ul
ar
c
o
m
p
a
r
t
m
e
n
t
s
:
a
n
d
la
st
ly
,
a
p
a
p
e
r
b
y
A
d
a
m
s
et
a1
.
(
1
9
7
9
)
o
n
tr
it
iu
m
u
p
t
a
k
e
b
y
th
e
aq
ua
ti
c
bi
ot
a
in
a
fr
es
hw
at
er
m
a
r
s
h
s
y
s
t
e
m
in
L
a
k
e
Er
ie
a
n
d
n
e
a
r
th
e
D
a
v
i
s
—
B
e
s
s
e
n
u
c
l
e
a
r
p
o
w
e
r
pl
an
t.
T
h
i
s
th
ir
d
p
a
p
e
r
c
o
n
s
i
d
e
r
s
o
r
g
a
n
i
s
m
s
f
o
u
n
d
in
th
e
G
r
e
a
t
Lakes.
T
h
e
s
e
p
a
p
e
r
s
s
h
o
w
e
d
th
at
tr
it
iu
m
le
ve
ls
in
o
r
g
a
n
i
s
m
s
tr
ac
k
th
e
tr
it
iu
m
le
ve
ls
o
f
th
e
e
n
vi
r
o
n
m
e
n
t
.
B
i
o
a
c
e
u
m
u
l
a
t
i
o
n
fa
ct
or
s
o
f
un
it
y
fo
r
tr
it
iu
m
ar
e
co
ns
er
va
ti
ve
.
S
o
m
e
in
ve
st
ig
at
or
s
no
te
th
at
tr
it
iu
m
in
o
r
g
a
n
i
s
m
a
l
ti
ss
ue
s
qu
ic
kl
y
"e
qu
il
ib
ra
te
s"
w
i
t
h
th
e
tr
it
iu
m
co
nt
en
t
o
f
th
e
s
u
r
r
o
u
n
d
i
n
g
wa
te
r,
b
ut
th
at
v
i
e
w
is
a
bi
t
si
mp
li
st
ic
b
e
c
a
u
s
e
"e
qu
il
ib
ra
ti
on
"
m
a
s
k
s
is
ot
op
e
e
x
c
h
a
n
g
e
o
f
tr
it
iu
m
f
r
o
m
b
o
u
n
d
w
a
t
e
r
to
st
ab
le
h
y
d
r
o
g
e
n
o
n
bi
om
ol
ec
ul
es
.
F
r
o
m
th
e
av
ai
la
bl
e
in
fo
rm
at
io
n,
a
b
i
o
a
c
c
u
m
u
l
a
t
i
o
n
fa
ct
or
o
f
un
it
y
(l
)
is
p
r
o
b
a
b
l
y
co
ns
er
va
ti
ve
.
G
R
O
U
P
Ia
A
N
D
Ib
E
L
E
M
E
N
T
S
:
S
O
D
I
U
M
,
P
O
T
A
S
S
I
U
M
,
L
I
T
H
I
U
M
,
R
U
B
I
D
I
U
M
,
C
E
S
I
U
M
,
F
R
A
N
C
I
U
M
A
N
D
C
O
P
P
E
R
,
S
I
L
V
E
R
,
A
N
D
G
O
L
D
T
h
e
un
iv
al
en
t
po
si
ti
ve
nu
cl
id
es
b
e
l
o
n
g
to
G
r
o
u
p
s
Ia
a
n
d
lb
of
th
e
Pe
ri
od
ic
T
a
b
l
e
a
n
d
co
ns
is
t
of
so
di
um
,
po
ta
ss
iu
m,
li
th
iu
m,
ru
bi
di
um
,
ce
si
um
,
a
n
d
fr
an
ci
um
(
G
r
o
u
p
Ia
)
a
n
d
co
pp
er
,
si
lv
er
,
a
n
d
go
ld
(
G
r
o
u
p
lb
).
F
r
a
n
c
i
u
m
is
an
ar
ti
fi
ci
al
el
em
en
t,
w
h
i
c
h
m
i
g
h
t
b
e
im
po
rt
an
t
in
hi
gh
-l
ev
el
wa
st
e
pr
od
uc
ti
on
,
bu
t
th
er
e
is
n
o
in
di
ca
ti
on
th
at
it
is
re
le
as
ed
to
th
e
Gr
ea
t
La
ke
s
an
d
th
us
re
qu
ir
es
no
in
ve
nt
or
y.
C
o
p
p
e
r
a
n
d
go
ld
b
i
o
a
c
c
um
ul
a
t
e
a
n
d
h
a
v
e
im
po
rt
an
t
bi
ol
og
ic
al
pr
op
er
ti
es
.
H
o
w
e
v
e
r
,
th
ey
d
o
no
t
h
a
ve
lo
ng
-l
iv
ed
ra
di
on
uc
li
de
s
th
at
re
qu
ir
e
in
ve
nt
or
ie
s.
T
h
e
m
a
i
n
ra
di
on
uc
li
de
of
co
pp
er
,
“
C
u
,
wh
i
c
h
oc
cu
rs
as
an
ac
ti
va
ti
on
pr
od
uc
t
a
n
d
f
r
o
m
fi
ss
io
n
pr
od
uc
t,
ha
s
a
ha
lf
—l
if
e
of
on
ly
12
.5
ho
ur
s.
Th
us
,
th
e
T
a
s
k
Fo
rc
e
co
ns
id
er
s
on
ly
so
di
um
,
po
ta
ss
iu
m,
li
th
iu
m,
ru
bi
di
um
,
ce
si
um
,
an
d
si
lv
er
.
30
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.
Sodium and potassium
Bio
log
ica
lly
, p
ota
ssi
um
and
sod
ium
are
maj
or
ele
men
ts
in
tis
sue
s (
mac
ron
utr
ien
ts)
.
So
di
um
lev
els
typ
ica
lly
exc
eed
pot
ass
ium
lev
els
in n
atu
ral
med
ia
(fr
esh
wat
ers
, e
stu
ari
es,
and
mar
ine
wat
ers
) a
s w
ell
as
in t
he
tis
sue
s o
fve
rte
bra
tes
. T
he
sit
uat
ion
typ
ica
lly
rev
ers
es
in a
qua
tic
pla
nts
and
inv
ert
ebr
ate
s w
ith
pot
ass
ium
exc
eed
ing
sod
ium
. T
his
rev
ers
al
of
enr
ich
men
t a
cqu
ire
s s
pec
ial
sig
niﬁ
can
ce
giv
en
tha
t l
eve
ls
of
so
di
um
an
d p
ota
ssi
um
in
bio
log
ica
l t
iss
ues
are
typ
ica
lly
of
the
ord
er
of
par
ts
per
hu
nd
re
d o
r p
er
cen
t,
rat
her
tha
n p
art
s p
er
mil
lio
n f
or
the
trace elements.
Tw
o r
adi
onu
cli
des
ofs
odi
um,
22N
a a
nd
2“N
a,
res
ult
fro
mb
oth
cos
mog
eni
c p
roc
ess
es
and
fis
sio
n, a
lth
oug
h
ﬁss
ion
yie
lds
are
rel
ati
vel
y l
ow
com
par
ed
wit
h t
he
lev
els
of
cos
mog
eni
c p
rod
uct
ion
. A
t l
eas
t f
or
22N
a.
the
cos
mog
eni
cal
ly
pr
od
uc
ed
nuc
lid
e i
s b
eli
eve
d t
o c
ont
rib
ute
to
the
ba
ck
gr
ou
nd
dos
e o
f r
adi
ati
on
rec
eiv
ed
by
bio
ta
(U
NS
CE
AR
197
7).
The
ref
ore
,
so
me
por
tio
n o
f t
he
so
di
um
con
ten
t
of
bio
ta
ma
y
be
rad
ioa
cti
ve.
Fur
the
r,
env
iro
nme
nta
l s
tud
ies
of
Gr
ou
p I
a e
lem
ent
s m
ay
req
uir
e s
om
e c
om
pa
ri
so
ns
wit
h s
odi
um.
Th
e n
atu
ral
ly
occ
urr
ing
rad
ion
ucl
ide
of
pot
ass
ium
, 4
0K,
is i
mpo
rta
nt
in
an
y a
sse
ssm
ent
of
rad
ioa
cti
vit
y
for
the
Gre
at
Lak
es.
It a
cco
unt
s f
or
as
mu
ch
as
40
% o
f t
he
rad
ioa
cti
vit
y p
res
ent
in
all
bio
log
ica
l t
iss
ues
(h
um
an
inc
lud
ed)
, a
nd
is
on
e o
f t
he
tw
o m
aj
or
nuc
lid
es
tha
t c
ont
rib
ute
to
the
nat
ura
l b
ac
kg
ro
un
d d
ose
of
rad
iat
ion
. t
he
oth
er
on
e b
ein
g M
C.
Bio
log
ica
l m
ea
su
re
me
nt
s o
f 4
0K
in
Gre
at
La
ke
s b
iot
a a
re
ava
ila
ble
fr
om
var
iou
s m
oni
tor
ing
stu
die
s,
and
per
tin
ent
dat
a a
ppe
ar
in
sev
era
l t
abl
es
tha
t d
isc
uss
nuc
lid
es
mon
ito
red
in
the
vic
ini
ty
of
dis
cha
rge
s
fro
m n
ucl
ear
fac
ili
tie
s o
r i
n th
e d
isc
uss
ion
s o
fot
her
nuc
lid
es
acc
ord
ing
to h
ow
the
ori
gin
al
inv
est
iga
tor
s o
bta
ine
d
and reported their findings.
Tab
les
6 a
nd
7 p
res
ent
s C
owg
ill
's
dat
a o
n t
he
upt
ake
of
sod
ium
, p
ota
ssi
um,
lit
hiu
m,
ces
ium
, r
ubi
diu
m.
sil
ver
, c
hlo
rin
e,
bro
min
e,
and
iod
ine
in a
qua
tic
bio
ta.
The
se
are
the
uni
val
ent
ele
men
ts
of
con
cer
n i
n th
is r
epo
rt.
Th
e t
abl
es
inc
lud
e c
alc
ula
tio
ns
of
bio
acc
umu
lat
ion
and
bio
mag
nif
ica
tio
n f
act
ors
. T
he
tab
ula
r p
res
ent
ati
on
aim
s
to
mai
nta
in
so
me
int
egr
ity
ofh
er
var
iou
s d
ata
set
s as
wel
l a
s p
res
ent
the
ma
xi
mu
m e
lem
ent
al
dat
a e
con
omi
cal
ly.
Onl
y s
odi
um
and
pot
ass
ium
are
dis
cus
sed
her
e.
Th
e
rem
ain
ing
ele
men
ts
are
dis
cus
sed
lat
er
in
the
ir
ow
n
subsections.
Not
e t
hat
the
enr
ich
men
t o
f s
odi
um
and
pot
ass
ium
in t
he
tis
sue
s o
fth
e t
wo
spe
cie
s o
f p
lan
ts
pre
sen
ted
in
Tab
les
6 a
nd
7 s
how
s a
rev
ers
al
of
wha
t i
s ob
ser
ved
in
sou
rce
mat
eri
als
. F
urt
her
not
e t
hat
the
pla
nts
ten
d to
kee
p
the
sod
ium
in t
he
ste
ms
and
sta
lks
rat
her
tha
n t
he
lea
ves
and
flo
wer
s.
If t
he
aph
ids
(Rh
opa
los
iph
um
nym
pha
ea)
con
sum
e m
ain
ly
the
lea
ves
and
flo
wer
s,
the
y a
re
den
ied
a m
ajo
r s
our
ce
of
sod
ium
. T
he
the
ori
es
int
erp
ret
ing
the
obs
erv
ed
sod
ium
enr
ich
men
t a
nd
dep
let
ion
are
not
dis
cus
sed
her
ein
bec
aus
e t
hey
do
not
rel
ate
to
the
cal
cul
ati
on
of i
nve
nto
rie
s f
or r
adi
onu
cli
des
of s
odi
um
in t
he G
rea
t L
ake
s.
Fr
om
Tab
les
6 a
nd
7, i
t ap
pea
rs
tha
t th
e b
ioa
ccu
mul
ati
on
fac
tor
s f
or s
odi
um
in
pla
nt p
art
s a
re o
fth
e o
rde
r
of
mag
nit
ude
of
100
—25
00
rel
ati
ve
to
the
aqu
ati
c e
nvi
ron
men
t a
nd
the
bio
mag
niﬁ
cat
ion
fac
tor
for
the
aph
id
rel
ati
ve
to t
he
pla
nt
par
ts
is a
bou
t 1
—4.
For
pot
ass
ium
the
bio
acc
umu
lat
ion
fac
tor
s f
or
the
pla
nt
par
ts
rel
ati
ve
to
the
wat
er
are
100
0—3
000
and
for
the
aph
id
rela
tive
to t
he p
lan
t pa
rts
is a
bou
t 1
—2.
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T
A
B
L
E
6
U
P
T
A
K
E
0
F
U
N
I
V
A
L
E
N
T
E
L
E
M
E
N
T
S
:
Na
,
K,
Li
,
Rb
,
Cs
,
Ag
,
Cl
,
Br
,
A
N
D
1
B
Y
A
Q
U
A
T
I
C
B
I
O
T
A
P
A
R
T
I.
L
l
N
S
L
E
Y
P
O
N
D
(a
da
pt
ed
f
r
o
m
th
e
da
ta
of
Co
wg
il
l)
D
a
t
a
f
o
r
t
h
e
s
e
s
p
e
c
i
e
s
Sp
ec
ie
s
a
n
d
E
l
e
m
e
n
t
s
(
p
p
m
)
su
bs
tr
at
es
N
a
K
Li
R
b
C
s
A
g
Cl
B
r
I
So
il
s
11
,0
00
11
,8
00
3.
5
25
.3
1.
94
0.
02
25
0.
5
5.
9
0.
14
R
o
c
k
s
19
,7
00
8,
20
0
6.
3
37
.6
1.
46
0.
01
12
7.
3
3.
9
0.
07
D
e
e
p
wa
te
r
se
di
me
nt
s
10
,5
00
16
,6
00
2.
2
47
.0
1.
35
0.
52
47
8.
5
7.
7
0.
16
Se
di
me
nt
s
at
Ni
r'
ri
ip
lm
ea
od
or
al
a
1 1
,2
00
2
1
0
0.
39
27
.9
0.
52
0.
23
4
3
4
29
.2
0.
49
Ou
tl
et
wa
te
r
17
9.
7
0
.
0
0
0
8
0.
00
9
n
d
0.
00
12
5.
6
0.
01
4
0.
00
41
1
9
7
2
s
t
ud
y:
N
y
m
p
h
a
e
a
o
d
o
r
a
m
(w
at
er
li
ly
)
Fl
ow
er
s
2
6
0
0
32
,5
00
0.
20
31
.1
0.
58
0.
94
14
,2
30
30
.6
0.
52
Fl
ow
er
st
al
ks
31
,7
00
28
,6
00
0.
15
23
.1
0.
48
0.
24
28
,7
90
41
.3
0.
52
Le
av
es
3
2
0
0
22
,4
00
0.
30
21
.9
0.
67
0.
26
13
,5
60
26
.2
0.
54
S
t
e
m
s
28
.2
00
25
,9
00
0.
15
23
.7
0.
46
0.
20
31
,9
20
44
.8
0.
56
3
2
19
71
st
ud
y:
N
y
m
p
l
m
e
a
o
d
o
m
m
(w
at
er
li
ly
)
Fl
ow
er
s
3
6
0
0
24
,3
00
0.
27
29
.0
0.
64
0.
66
14
,6
80
65
.6
0.
37
Fl
ow
er
st
al
ks
30
,0
00
18
,4
00
0.
23
25
.1
0.
54
0.
30
27
,5
60
54
.1
0.
38
Le
av
es
2
1
0
0
14
,2
00
0.
27
24
.2
0.
75
0.
32
14
,9
40
38
.2
0.
58
S
t
e
m
s
36
,3
00
19
,6
00
0.
16
24
.7
0.
67
0.
30
40
,5
80
62
.6
0.
55
R
h
o
p
a
l
a
s
i
p
h
um
n
y
m
p
h
a
e
a
e
7
1
0
0
22
,4
00
1.
6
28
.4
1.
23
0.
42
2
0
9
0
17
.5
0.
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(a
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TAB
LE 6
(cont
inued
)
UPT
AKE
OF U
NIV
ALE
NT E
LEM
ENT
S: N
a, K,
Li, R
b, Cs
. Ag,
Cl. B
r, AN
D 1 B
Y AQ
UAT
IC B
IOTA
PART
I. LIN
SLEY
POND
(adap
ted f
rom t
he dat
a of C
owgill
)
Bioa
ccum
ulat
ion
and
biom
agni
fica
tion
fact
ors
Na
K
Li
Rb
Cs
Ag
Cl
Br
I
Plan
ts/w
ater
: 1
971
stu
dy (
RI )
Flow
ers
212
2505
3380
3222
Flow
er st
alks
1765
1897
2875
2789
Leave
s
123
1464
3380
2689
Stem
s
2 I 35
2021
2000
2744
Aphid
s/pla
nts:
1971
study
(RJ )
Flowe
rs
1.97
0.92
5.9
0.97
1.92
0.64
Leave
s
3,38
1.58
5.9
1.02
1.64
1.32
53,883
25,000
26,
667
25,000
*
‘
l
'
i
'
i
r
Geoche
mical
ratio ca
lculati
ons
Na/K
Li/K
Rb/K
Cs/K
Br/CI
1/Cl
(X104)
(x107
)
(X107
)
(X107
)
(x1075
)
Soils
0.932
2.96
2.16
1.64
23.55
55.9
Rock
s
2.42
7.68
4.58
1.78
30.64
55.0
Deep
water
sedime
nts
0.63
1.32
2.83
0.813
16.09
33.4
Sedim
ents
at Ny
mpha
ea od
orata
53.3
18.5
13.2
2.47
67.28
112.9
Outlet
water
1.75
0.82
9.28
*
2.50
73.2
Nv
mp
li
ae
a o
do
ra
la
(avera
ge 011
971—1
972 da
ta)
Flower
s
0.109
0.083
15.8
2.53
3.33
3.11
Flowe
r stalk
s
1.31
0.081
11.0
2.19
1.69
1.59
Leaves
0.145
0,156
14.2
3.63
2.26
3.92
Stems
1.42
0.068
11.6
2.65
1.48
1.54
Rhopa
/osip
hum n
ympha
eae
032
0.714
12.6
0.055
8.37
31.57
 
Notes:
(1) Su
bstrat
e data
are av
erages
ofthe
results
of year
s 197
1;197
2. Pla
nts we
re col
lected
in both
1971 a
nd 197
2; aph
ids (R
hopal
osipl
mm nym
pliaea
) wer
e coll
ected
only
in 1
971.
(2) Ca
lculat
ion of
bioac
cumul
ation
and bi
omagn
iﬁcat
ion ra
tios ba
sed on
the ye
ar ind
icated
for the
plant
data a
nd the
averag
ed dat
a for w
ater o
r sour
ce mat
erials
.
(4) Sym
bols an
d abbrev
iations:
"nd" me
ans not
detected
. The a
sterisk
(*) mea
ns no c
omputat
ion for
the quan
tity in
the tabl
e. In th
is case
the quan
tity, th
e
bioaee
umulat
ion fa
ctor f
or ces
ium, c
annot
be com
puted
mathem
atical
ly. Si
nce ce
sium w
as not
detect
ed in
the out
let wa
ter of
the po
nd, th
at mea
ns tha
t the c
esium
content
ofthe w
ater co
uld be
"zero."
That wo
uld pro
duce an
estimat
e of an
"inﬁnit
e" bioa
eeumula
tion fa
ctor, a m
athemat
ical ab
surdity.
(4) It is
not geo
chemica
lly app
ropriat
e to co
mpare s
ilver wi
th pota
ssium b
ecause
silver i
s in Gro
up 1b o
fthe Pe
riodic T
able. C
owgill
compar
ed silv
er to co
pper in
the
same
group,
but th
e copp
er dat
a have
not be
en pre
sented
here.
Thus
silver
is incl
uded i
n the g
eochem
ical
ratio c
alcula
tions
ofthe
unival
ent po
sitive
elemen
ts of
Group
1.
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TAB
LE
7
UP
TA
KE
OF
UN
IV
AL
EN
T
EL
EM
EN
TS
:
Na
.
K,
Li
,
Rb
,
Cs
, A
g,
Cl
,
Br
,
AN
D
1 B
Y
AQ
UA
TI
C
BI
OT
A
PA
RT
II.
CU
LT
UR
ES
(a
da
pt
ed
fr
om
th
e d
at
a
of
Co
wg
il
l)
 
Sp
ec
ie
s
or
su
bs
tr
at
e
Eu
gl
cn
a
gr
ad
/1
'5
Mi
xe
d
al
ga
l
cu
lt
ur
e
Dr
ip
/m
m p
ul
ex
Da
ph
ni
a
ma
gn
a
Av
er
ag
e
Du
pl
mi
a
Av
er
ag
e
al
ga
e
Tr
ap
ro
ck
15
,7
53
Sp
ri
ng
wa
te
r
(X
10
‘)
11
30
Sp
ec
ie
s
or
su
bs
tr
at
e
Eu
gl
cn
a
gr
ac
il
is
/ s
pr
in
g
wa
te
r
Mi
xe
d
al
ga
l
cu
lt
ur
e
/ s
pr
in
g
wa
te
r
Da
pl
im
'a
pu
le
x
/ s
pr
in
g
wa
te
r
Da
pl
mi
a
ma
gm
a
/ s
pr
in
g
wa
te
r
Av
er
ag
e
Da
ph
ni
a
/s
pr
in
g w
at
er
Da
ph
m'
a
pu
le
x
/ m
ix
ed
al
ga
l
cu
lt
ur
e
Da
ph
m'
a
ma
gn
a
/ m
ix
ed
al
ga
l
cu
lt
ur
e
Av
er
ag
e
Da
ph
ni
a /
mi
xe
d
alg
al
cu
lt
ur
e
Na
252
200
86
1
1 180
10
20
226
55
62
2
5
8
0
22
30
1769
76
19
10,
442
90
27
4.3
5.
1
4.7
K
17,
898
13,
955
80
03
13,
839
10
,9
21
15,
927
6.23
2
.
0
0.60
0.
42
0.38
0.28
033
0.51
El
em
en
ts
(p
pm
)
Rb
26
.4
20
.7
35.3
22
.9
29.1
23
.6
18.
9
1.2
6
19.0
0.5
6
C
S
177
1.12
0.
82
0.28
0.55
1.45
0.009
0.068
At
:
4.
7
4.6
0.78
0.
46
0.
62
4.
6
128
14
50
Bi
oa
cc
um
ul
at
io
n
an
d
bi
om
ag
ni
ﬁc
at
io
n f
act
ors
K
69
,3
72
54
,0
89
31
,0
20
53,
640
42,
329
0.6
0.99
0.79
Li
Rb
30
00
13
,8
94
210
0
10,
895
19
00
18
,5
79
140
0
12,
052
165
0
153
2
0.9
1.71
0.6
7
1.11
0.7
9
1.41
C
s
31
,6
07
2
0
,
0
0
0
14,
642
5
0
0
0
9
8
2
1
0.73
0.
25
0
.
5
4
A
2
691,
176
676,
470
114
,70
5
67
,6
47
91,
176
0.
17
0.10
0.
14
36
0
400
31
98
10,
130
6
6
6
4
38
0
3.8
200
C
1
24
82
2759
22,
055
69
,8
62
45,
959
7.
99
25
.3
16
.6
Br
18
.0
14
.2
27
.1
37
.1
32
.1
16
.1
0.035
6.
7
900
71
0
1355
1855
1605
1.
91
2.
61
2.
26
1.75
1.40
0.
54
0.69
0.62
1.58
26
12
20
90
806
10
29
918
0.
39
0.
49
0.
44
  
 \
as
.
\
\
.1
.
 
TABLE 7 (continued)
UPTAKE OF UNIVALENT ELEMENTS: Na. K. Li, Rb, Cs, Ag, Cl, Br, AND 1 BY AQUATIC BIOTA
PART III. OTHER STUDIES (adapted from the data of various authors)
Species or substrate
Victoria amazonica
Young plants
Pre-ﬂowering plants
Mature plants; unopened buds
Mature plants; full bloom
Young plants
Pre-ﬂowering plants
Mature plants; unopened buds
Mature plants; full bloom
2074
3165
3936
4972
Na/K
0.195
0.147
0.148
0.169
10,631
21,461
26,667
29,460
Li/K
(X105)
10
.7
3.08
2.4
0.187
Elements (ppm)
Li
Rb
1.14 0.047
0.662 0.049
0.639
0.051
0.551 0.063
Geochemical ratios
(Ts/K Rb/K
0‘10“) (X103)
4.5
1.47
2.3 1.03
1.9 1.04
2.1
11.0
Cs
15.6
22.3
27.8
32
.4
Br/Cl
(X104)
8.85
15.9
17
.3
18.0
M:
0.059
0.065
0.074
0.074
l/Cl
(X105)
1,85
4.14
3.38
3.49
1946
6595
8667
9873
B
r
6.1
10.5
15.0
17.8
0.036
0.273
0.293
0.345
Notes:
(2) All data are based on dry weight
 
(1) Reference: Cowgill and France (1982)
(3) Geochemical ratios are not provided for silver because it is not appropriate to calculate them with potassium as a reference element.
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Li
th
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an
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adi
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o r
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di
um
an
d
po
ta
ss
iu
m
in
va
ri
ou
s c
he
mi
ca
l
ma
tr
ic
es
. T
he
el
em
en
t h
as
a m
et
ab
ol
ic
ro
le
wi
th
re
sp
ec
t t
o n
eu
ro
n f
un
ct
io
n i
n a
ni
ma
l c
ell
s.
Be
ca
us
e i
t c
an
pr
od
uc
e
ra
di
on
uc
li
de
s o
fb
er
yl
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um
un
de
r a
nu
mb
er
of
di
ff
er
en
t s
im
pl
e n
uc
le
ar
re
ac
ti
on
s a
nd
is
its
elf
so
me
ti
me
s t
he
st
ab
le
da
ug
ht
er
pr
od
uc
t
of
th
e
ra
di
oa
ct
iv
e
de
ca
y
of
ce
rt
ai
n b
er
yl
li
um
ra
di
on
uc
li
de
s,
it
wo
ul
d
ap
pe
ar
lo
gi
ca
l
to
tre
at
li
th
iu
m a
nd
be
ry
ll
iu
m t
og
et
he
r.
Ho
we
ve
r,
th
ei
r g
eo
ch
em
ic
al
co
he
re
nc
e i
s n
ot
ob
vi
ou
s
in
bi
ol
og
ic
al
ma
te
ri
al
s,
an
d
th
er
ef
or
e,
li
th
iu
m
is
di
sc
us
se
d
wi
th
th
e o
th
er
un
iv
al
en
t
po
si
ti
ve
el
em
en
ts
,
an
d
be
ry
ll
iu
m,
wi
th
di
va
le
nt
po
si
ti
ve
elements.
Li
th
iu
m d
at
a f
or
pl
an
ts
ar
e l
im
it
ed
. C
an
no
n'
s w
or
k (
19
60
) o
n
li
th
iu
m a
cc
um
ul
at
or
pl
an
ts
fo
r g
eo
bo
ta
ni
ca
l
pr
os
pe
ct
in
g i
s i
mp
or
ta
nt
for
ter
res
tri
al
sp
ec
ie
s.
Co
wg
il
l'
s w
or
k
is
pr
ob
ab
ly
th
e m
os
t
im
po
rt
an
t a
nd
co
mp
le
te
da
ta
set
for
li
th
iu
m i
n a
qu
at
ic
sp
ec
ie
s.
He
r
li
th
iu
m d
at
a a
re
in
cl
ud
ed
in
Ta
bl
es
6 a
nd
7.
Rubidium
Ru
bi
di
um
ha
s s
uf
fi
ci
en
tl
y s
ma
ll
at
om
ic
an
d
io
ni
c r
adi
i t
hat
it
ca
n s
ub
st
it
ut
e f
or
po
ta
ss
iu
m a
nd
so
di
um
in
so
me
ch
em
ic
al
mat
ric
es.
Ru
bi
di
um
‘s
ge
ol
og
ic
al
rar
ity
so
me
wh
at
lim
its
its
bio
log
ica
l a
vai
lab
ili
ty.
Th
e
sub
sti
tut
ion
of
ru
bi
di
um
for
po
ta
ss
iu
m
or
so
di
um
su
gg
es
ts
a p
os
si
bl
e
en
vi
ro
nm
en
ta
l
ris
k f
act
or
as
so
ci
at
ed
wi
th
its
up
ta
ke
an
d
th
e
li
ke
li
ho
od
tha
t i
t w
ill
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ul
at
e
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gr
ea
te
r
le
ve
ls
th
an
ce
si
um
.
Ex
is
ti
ng
ev
id
en
ce
su
pp
or
ts
bo
th
st
at
em
en
ts
. R
ub
id
iu
m
ac
cu
mu
la
te
s t
o l
eve
ls
ab
ou
t
10
0 t
im
es
gr
ea
te
r t
ha
n c
es
iu
m.
Ru
bi
di
um
ha
s
ac
te
d
as
a g
ro
wt
h
st
im
ul
an
t
an
d
el
ec
tr
ol
yt
e b
al
an
ci
ng
el
em
en
t
in
ti
ss
ue
s t
hat
we
re
te
mp
or
ar
il
y
de
pl
et
ed
or
im
po
ve
ri
sh
ed
wi
th
po
ta
ss
iu
m (
Lu
ck
ey
an
d V
en
ug
op
al
197
8).
Th
er
e a
re
ma
ny
im
po
rt
an
t r
ad
io
nu
cl
id
es
of
ru
bi
di
um
:
83'
Rb,
85R
b,
86R
b,
"R
b,
an
d
88R
b.
Th
e
fir
st
thr
ee
nu
cl
id
es
co
me
eit
her
dir
ect
ly
fr
om
fis
sio
n o
f u
ra
ni
um
or
as
an
im
me
di
at
e d
au
gh
te
r i
so
to
pe
of
an
ot
he
r d
ire
ct
fis
sio
n
pro
duc
t.
Th
us
,
th
ey
ap
pe
ar
in
the
ef
ﬂu
en
ts
of
nu
cl
ea
r p
ow
er
pla
nts
eit
her
dir
ect
ly
or
ind
ire
ctl
y.
Th
e
fou
rth
ra
di
on
uc
li
de
is p
rim
ord
ial
. A
ss
es
sm
en
ts
of
the
hea
lth
ris
k f
ro
m r
ub
id
iu
m u
pt
ak
e u
sua
ll
y e
xa
mi
ne
the
pr
im
or
di
al
nu
cl
id
e b
ec
au
se
it i
s a
ss
um
ed
to
fo
rm
a s
ign
ifi
can
t p
art
of
th
e n
atu
ral
ba
ck
gr
ou
nd
rad
ioa
cti
vit
y t
o w
hi
ch
all
lif
e
is
ex
po
se
d.
Ye
t a
cc
or
di
ng
to
in
fo
rm
at
io
n p
ro
vi
de
d b
y
UN
SC
EA
R
(1
97
7)
rep
ort
s,
the
nu
cl
id
e
wa
s
no
t i
tse
lft
he
sub
jec
t o
f a
ny
up
ta
ke
or
me
ta
bo
li
c s
tud
ies
. R
ath
er,
dat
a f
ro
m s
tud
ies
wi
th
sta
ble
ru
bi
di
um
iso
top
es
fo
rm
ed
a b
asi
s
to
inf
er
the
met
abo
lic
ris
ks
ass
oci
ate
d w
ith
the
nat
ura
lly
occ
urr
ing
rad
ion
ucl
ide
.
Rad
ion
ucl
ide
s o
fr
ub
id
iu
m a
re
not
me
as
ur
ed
in
bio
ta
an
d b
ioc
onc
ent
rat
ion
fac
tor
s f
or
th
em
do
not
app
ear
in
the
tw
o m
ai
n l
ist
s p
re
vi
ou
sl
y c
ite
d i
n t
his
cha
pte
r.
Th
er
ef
or
e,
on
e m
us
t r
ely
on
da
ta
fr
om
ot
he
r s
tud
ies
, o
f w
hi
ch
Cowgill's data are the most comprehensive early data.
Cesium
Al
th
ou
gh
its
che
mis
try
par
all
els
tha
t o
f s
od
iu
m a
nd
pot
ass
ium
, c
es
iu
m d
oes
not
rou
tin
ely
rep
lac
e e
ith
er
so
di
um
or
po
ta
ss
ium
in
var
iou
s c
hem
ica
l m
atr
ice
s.
Ces
ium
's
ato
mic
an
d i
oni
c r
adi
i a
re
con
sid
era
bly
lar
ger
tha
n
tho
se
of
so
di
um
an
d p
ota
ssi
um,
so
me
ti
me
s m
ak
in
g
suc
h r
epl
ace
men
t d
ifﬁ
cul
t.
Thi
s
lar
ge
siz
e o
f t
he
ce
si
um
nuc
leu
s w
ou
ld
thu
s s
ugg
est
a r
ath
er
sma
ll
bio
tic
upt
ake
for
the
ele
men
t.
Ind
eed
, t
he
dat
a f
ro
m C
owg
il
l
giv
en
Tab
les
6 a
nd
7 s
ugg
est
0.1
—5
par
ts
per
mil
lio
n (
pp
m)
lev
els
, b
ut
the
rar
ity
of
ce
si
um
as
an
el
em
en
t i
n t
he
ear
th'
s
cru
st
als
o l
imi
ts
its
bio
log
ica
l a
vai
lab
ili
ty
an
d c
oul
d i
mpl
y t
hat
the
ob
se
rv
ed
pp
m
lev
els
are
hig
her
tha
n m
ig
ht
otherwise be expected.
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Cesium’s radionuclides are important for two reasons:
(1)
They
have a
tomic
weight
s in a
range
highly
favore
d in th
e kine
tics o
f nucl
ear ﬁs
sion o
f uran
ium an
d
pluto
nium.
There
fore,
cesi
um is
otope
s occ
ur in
signi
ﬁcant
quant
ities
in th
e nuc
lear
debri
s fro
m wea
pons
testing and in the liquid efﬂuents of nuclear reactors.
(2)
They
are de
cay pr
oducts
of nob
le gas
radion
uclide
s of x
enon,
which
are pr
oduce
d in ﬁ
ssion
proces
ses.
Again, cesium isotopes will be present in the nuclear debris from weapons testing and formed from decay
of the isotopes in the gaseous emissions of nuclear power plants.
Very
few r
adion
uclid
e trac
er stu
dies
on fr
eshwa
ter s
pecie
s hav
e emp
hasi
zed l
ong-l
ived
artiﬁ
cial n
uclid
es.
Early
radio
nucli
de tr
acer
studi
es us
ed 32
F (ha
lf-lif
e 14.
28 da
ys) b
ecaus
e thi
s nuc
lide
was
the ﬁ
rst t
o bec
ome
comme
rcial
ly ava
ilable
to res
earch
scienti
sts. O
ther
studie
s used
the lo
ng-liv
ed MC
(half-l
ife 57
30 yea
rs),
especi
ally in
work
on the
"geoch
ronolo
gy" (d
ating)
ofthe
materi
als, a
nd som
e work
on the
enviro
nmenta
l cycl
ing
ofcarb
on. I37
Cs (hal
f-life
30 yea
rs) be
came t
he first
long-l
ived is
otope
relate
d to nu
clear
fallout
intens
ively s
tudied
in aqu
atic o
rganis
ms. G
iven
the 30
-year
half-li
fe of
the is
otope,
it bec
ame a
prime
candid
ate fo
r biol
ogical
monitoring in studying radiation effects.
137Cs emits a distinctive 7 radiation signal that permits its analysis by gamma radiation spectroscopy. The
nuclide is usually detectable if present, and it is often the only artiﬁcial nuclide which is detected in certain types
ofsamples. Thus, the quantity ofdata for this nuclide probably exceeds that of all nuclides monitored from fallout.
The early studies ofcesium uptake emphasized marine biota as part ofthe tracking ofthe element to ocean
repositories. Very few deﬁnitive studies exist for cesium uptake in freshwater biota. Some studies of cesium
uptake in algae in special cultures came from researchers at the nuclear weapons laboratories, but studies of
radiocesium uptake in macrophytes and aquatic invertebrates are far fewer. The most famous work on radiocesium
accumulation is the study of the uptake of cesium fromnuclear fallout in the Arctic by lichens, the consumption
of the lichens by reindeer or caribou, and the exposure of human populations who consume the cesium—
contaminated meat.
Given the previous information on the extent of studies using '37Cs, it should not be surprising that very
high-quality bioaccumulation data for this nuclide are available in research studies. In fact, the Task Force
considers the research data for bioaccumulation ofthis nuclide to be the most reliable of all ofthe bioaccumulation
data for the artiﬁcial radionuclides.
Geochemical interpretations of cesium data often use its congener element, potassium, as a reference
element. This permits the consideration of the possibility that cesium and potassium exhibit "coherence," a
geochemical term which suggests that two elements move together environmentally or follow similar kinetic
processes and mechanisms even if they do not move together environmentally. Since potassium has a major role
in plant and animal metabolism, the comparisons may provide insight into the metabolic behavior of cesium
relative to potassium. Cowgill found that relative to potassium, cesium accumulation in aquatic plants exhibited
a geochemical ratio (Cs/K) of0.25 X 10“. Taylor (1964) suggested that the cesium to potassium geochemical ratio
of the "accessible lithosphere" was 1.4 X 10“. Thus, while cesium clearly accumulates in biological materials, it
does not necessarily accumulate to levels in excess ofthat found naturally in the source mineral substrates. Also,
while the two geochemical ratios have the same order ofmagnitude, they differ sufﬁciently to suggest that cesium
uptake does not occur mechanistically by processes that mimic uptake and behavior ofpotassium. The differences
are in the metabolism of the two elements. Since cesium does not necessarily substitute for potassium, cesium's
metabolic behavior is more limited than that of potassium.
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d
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ad
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th
e
ra
di
on
uc
li
de
s
of
ce
si
um
ha
s
be
en
st
ud
ie
d
in
va
ri
ou
s A
rc
ti
c
re
gi
on
s,
in
cl
ud
in
gn
or
th
er
n
Ca
na
da
,
Al
as
ka
,
De
nm
ar
k,
th
e
Fa
ro
e'
Is
la
nd
s,
Sw
ed
en
,
No
rw
ay
,
Fi
nl
an
d,
an
d
Co
mm
on
we
al
th
of
In
de
pe
nd
en
t
St
at
es
(f
or
me
rl
y
Ru
ss
ia
).
S
o
m
e
of
th
e
da
ta
on
ca
ri
bo
u
ar
e
pr
es
en
te
d
in
Ta
bl
e
8.
Fo
ll
ow
in
g
th
e
ac
ci
de
nt
at
th
e
nu
cl
ea
r
po
we
r
pl
an
t
at
Ch
er
no
by
l
(U
kr
ai
ne
)
in
19
86
,
re
se
ar
ch
er
s
an
d
Go
ve
rn
me
nt
ag
en
ci
es
un
de
rt
oo
k
n
e
w
st
ud
ie
s
of
at
mo
sp
he
ri
c
de
po
si
ti
on
in
th
e
Ar
ct
ic
.
M
a
n
y
of
th
e
re
su
lt
s
of
th
es
e
st
ud
ie
s
ap
pe
ar
ed
in
19
95
in
a
sp
ec
ia
l
sy
mp
os
iu
m
on
po
ll
ut
io
n
in
th
e
Ar
ct
ic
(V
ol
um
e
16
0/
16
1,
Sc
ie
nc
e
of
th
e
To
ta
l
En
vi
ro
nm
en
t)
.
Th
e
re
se
ar
ch
ﬁn
di
ng
s
up
da
te
d
im
po
rt
an
t
in
fo
rm
at
io
n
on
m
C
s
le
ve
ls
in
Ar
ct
ic
sp
ec
ie
s,
in
cl
ud
in
g
so
me
sp
ec
ie
s
no
t
pr
ev
io
us
ly
co
ns
id
er
ed
.
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TAB
LE
8
AL AN
ALYSE
S (INC
LUDIN
G RAD
IONUC
LIDES
) OF
ARC
TIC
BIO
TA
ELEME
 
Stud
y: E
lkin
and
Bet
hke
(199
5)
Cont
amin
ants
in ca
ribo
u fr
om N
orth
west
Terri
torie
s, Ca
nada
Spec
ies:
cari
bou (
Rang
ifer
Iara
ndus
) mu
scle
tissu
e
Statio
n
Nucli
de (Bq
/kg)
Statio
n
Nucli
de (Bq
/kg)
Statio
n
Nucli
de (Bq
/kg)
Bathur
st
'“CS
4698
Cape
Dorset
137Cs
51.24
Lake
Harbo
ur
'"Cs
185.48
l“Cs
<0.49
"‘Cs
0.64
13"Cs
<2.08
40K
155.2
“’K
153.7
“K
171.23
‘
Geo
che
mic
al
rat
ios
U7Cs/‘O
K
Baihurs
t
0.303
Cape Do
rset
0.333
Lake H
arbour
1.08
Average
0.572
'“Cs/‘O
K
0.004
of all si
tes
(“4C5
+ U7C
S)/wK
0.338
3
9
Notes:
(1) The
13 liche
ns are t
hose for
which t
here are
both Sr
and Cs
data. Th
e 14 li
chens ar
e for th
e entire
collecti
on of li
chens. T
he geoc
hemical
ratios a
re base
d on 13
lichens
and 15
mosses
. The
combi
ned ge
ochemi
cal ra
tio for
lichen
s and
mosse
s is b
ased o
n 28 p
lant s
pecies
.
(2) Nucl
ide data
are on a
dry wei
ght basi
s. Howe
ver, El
kin and
Bethke
indicate
that the
water c
ontents
ofthe m
uscle s
amples
were 25
.8% (Ba
thurst),
247%
(Cape
Dorset
), and
27.7%
(Lake
Harbou
r) and
gave t
heir da
ta in
wet we
ight.
The nu
clides
have b
een re
calcul
ated f
rom th
is info
rmatio
n.
(3) Resu
lts are
means
of 20 an
imals s
ampled
in the B
atliurst
herd an
d 10 an
imals s
ampled
from ea
ch ofth
e Cape
Dorset a
nd Lake
Harbou
r herds.
(4) The
Lake Ha
rbour h
erd is a
lso the
highest
ofthe s
ampled
herds f
or alum
inum, c
admium
, chrom
ium, ma
nganese
, nickel
, lead,
and mer
cury in
both ki
dney, an
d liver
tissue. Th
ese result
s are give
n in other
tables in t
his report.
  
  
 A
s
pr
ev
io
us
ly
no
te
d,
th
er
e
is
no
in
he
re
nt
re
as
on
to
as
su
me
th
at
ei
th
er
Sr
an
d
C
s
wi
ll
bi
oa
cc
um
ul
at
e
in
pl
an
ts
in
th
e
sa
me
ra
ti
os
as
th
ey
ap
pe
ar
in
nu
cl
ea
r
fa
ll
ou
t.
In
fa
ct
,
in
aq
ua
ti
c
sp
ec
ie
s
of
in
te
re
st
to
th
e
Gr
ea
t
La
ke
s.
th
e
ac
cu
mu
la
ti
on
s
of
th
es
e
tw
o
el
em
en
ts
di
ff
er
by
at
le
as
t
an
or
de
r
of
ma
gn
it
ud
e.
Th
us
,
it
m
a
y
s
e
e
m
su
rp
ri
si
ng
th
at
th
e
tw
o
ma
jo
r
ra
di
on
uc
li
de
s
of
Sr
an
d
Cs
fr
om
fa
ll
ou
t
ap
pe
ar
to
ac
cu
mu
la
te
in
mo
ss
es
an
d
li
ch
en
s
in
ra
ti
os
th
at
tr
ac
k
th
ei
r
re
la
ti
ve
di
st
ri
bu
ti
on
in
nu
cl
ea
r
fa
ll
ou
t.
Be
ca
us
e
mo
ss
es
an
d
li
ch
en
s
be
ha
ve
li
ke
li
vi
ng
ve
rs
io
ns
of
io
n-
ex
ch
an
ge
re
si
ns
an
d
ca
n
ex
ch
an
ge
st
ro
nt
iu
m
an
d
ce
si
um
io
ns
fo
r
hy
dr
og
en
io
ns
.
A
tw
o-
st
ep
ac
cu
mu
la
ti
on
pr
oc
es
s
oc
cu
rs
:
a
st
oi
ch
io
me
tr
ic
bi
nd
in
g
as
a
ra
pi
d
an
d
do
mi
na
nt
fi
rs
t
st
ep
,
an
d
po
ss
ib
le
in
co
rp
or
at
io
n
of
a
nu
cl
id
e
in
to
ti
ss
ue
as
a
se
co
nd
st
ep
.
T
h
e
Ta
sk
Fo
rc
e
wo
ul
d
no
t
ex
pe
ct
th
is
io
n-
ex
ch
an
ge
be
ha
vi
or
in
Gr
ea
t
La
ke
s
bi
ot
a.
T
h
e
im
po
rt
an
t
co
mp
il
at
io
ns
on
ra
di
oc
es
iu
m
up
ta
ke
c
o
m
e
fr
om
th
e
w
o
r
k
of
Bl
ay
lo
ck
(1
98
2)
,
Jo
sh
i
(1
98
4)
,
an
d
He
ss
le
in
an
d
Sl
av
ic
ek
(1
98
4)
.
T
h
e
la
tt
er
tw
o
re
fe
re
nc
es
un
iq
ue
ly
ad
dr
es
s
Gr
ea
t
La
ke
s
fi
sh
es
.
S
o
m
e
of
th
e
ma
te
ri
al
s
in
th
os
e
co
mp
il
at
io
ns
c
o
m
e
fr
om
mo
ni
to
ri
ng
st
ud
ie
s,
bu
t
m
u
c
h
of
th
e
da
ta
co
ll
ec
ti
on
wa
s
re
se
ar
ch
motivated.
Ta
bl
es
9
an
d
10
pr
es
en
t
da
ta
fr
om
pr
ev
io
us
IJ
C
co
mp
il
at
io
ns
on
ra
di
oa
ct
iv
it
y
in
th
e
Gr
ea
t
La
ke
s
wi
th
re
sp
ec
t
to
bi
oa
cc
um
ul
at
io
n
st
ud
ie
s
fo
r
13
7C
s
an
d
in
cl
ud
es
so
me
li
mi
te
d
ci
ta
ti
on
s
fr
om
Jo
sh
i'
s
(1
98
4)
pa
pe
r
fo
r
th
e
bi
oa
cc
um
ul
at
io
n
fa
ct
or
s.
Th
e
or
ig
in
al
da
ta
co
mp
il
at
io
ns
pr
es
en
te
d
bo
th
ma
ss
of
th
e
fi
sh
co
ll
ec
te
d
an
d
th
ei
r a
ct
iv
it
y
pe
r
un
it
ma
ss
.
Th
e
ac
ti
vi
ty
pe
r
un
it
ma
ss
st
ay
s
re
la
ti
ve
ly
co
ns
ta
nt
ov
er
a
fo
ur
fo
ld
ra
ng
e
of
ma
ss
(1
.5
—6
.0
kg
)
of
th
e
fi
sh
.
Fu
rt
he
r,
th
e
m
e
a
n
ac
ti
vi
ty
pe
r
un
it
ma
ss
fo
r
fi
sh
es
in
th
e
tw
o
la
ke
s
ar
e
wi
th
in
a
si
mi
la
r
ra
ng
e
of
nu
mb
er
s.
al
th
ou
gh
th
e
m
e
a
n
ac
ti
vi
ti
es
fo
r
th
e
tw
o
sp
ec
ie
s
sh
ow
n
fo
r
La
ke
Hu
ro
n
ar
e
no
t
id
en
ti
ca
l
by
a
tw
o-
ta
il
ed
t t
es
t,
wh
il
e
th
e
me
an
ac
ti
vi
ti
es
fo
r
th
e
sp
ec
ie
s
in
La
ke
On
ta
ri
o
ar
e
li
ke
ly
th
e
sa
me
by
th
e
tw
o—
ta
il
ed
t
te
st
.
Te
xt
B
o
x
6
sh
ow
s
th
e
do
sa
ge
s
in
mi
cr
os
ie
ve
rt
s
th
at
wo
ul
d
be
in
ge
st
ed
by
a
pe
rs
on
ea
ti
ng
th
e
af
fe
ct
ed
fi
sh
.
Th
e
Ga
na
ra
sk
a
Ri
ve
r
ﬂo
ws
in
to
La
ke
On
ta
ri
o
an
d
ca
rr
ie
s
th
e
ef
fl
ue
nt
s
fr
om
th
e
C
A
M
E
C
O
fu
el
pr
oc
es
si
ng
si
te
.
Si
nc
e
th
e
ce
si
um
ac
ti
vi
ty
da
ta
fr
om
th
e
fi
sh
in
th
e
ri
ve
r
do
no
t
di
ff
er
st
ro
ng
ly
fr
om
th
e
ce
si
um
ac
ti
vi
ty
of
th
e
da
ta
fr
om
fi
sh
es
wi
th
in
La
ke
On
ta
ri
o
st
at
io
ns
,
th
e
Ta
sk
Fo
rc
e
su
gg
es
ts
th
at
th
e
so
ur
ce
of
ra
di
oc
es
iu
m
is
pr
ob
ab
ly
nu
cl
ea
r
fa
ll
ou
t
an
d
no
t
di
re
ct
ra
di
on
uc
li
de
di
sc
ha
rg
e
fr
om
th
e
C
A
M
E
C
O
op
er
at
io
ns
.
Th
e
ra
di
um
da
ta
fo
r
Ga
na
ra
sk
a
Ri
ve
r
an
d
th
e
ot
he
r
La
ke
On
ta
ri
o
st
at
io
ns
(n
ot
pr
es
en
te
d
he
re
)
do
sh
ow
sp
ec
if
ic
so
ur
ce
in
pu
ts
of
th
e
CAMECO site.
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TABLE 9
CESIUM ACCUMULATION IN GREAT LAKES BIOTA
PART I — 137Cs IN GREAT LAKES FISHES
(adap
ted f
rom I
ntern
ation
al Jo
int C
ommi
ssio
n (19
83, 1
987),
Joshi
(1984
), an
d oth
er ag
ency
repor
ts)
Year
Spec
ies
Loca
tion
Aver
age
I37Cs
Acti
vity
Bioa
ccum
ulat
io
n
(pCi/kg) factor
Lake Huron:
1981
Wall
eye
Blin
d Ri
ver
264.
5 3:
11.3
(6)
1981
Stur
geon
Blin
d Ri
ver
90.8
i 6.
8 (4
)
1982
Lake
trout
Nort
h Ch
anne
l
222.
3 i 4
.7 (3
)
Lake Erie:
1982
Walle
ye
Weste
rn Ba
sin
23.3
i 2.3
(3)
1556
Lake Ontario: Ganaraska River
1976
Rain
bow t
rout
64
3528
1977
Rain
bow t
rout
53
2391
1978
Rain
bow t
rout
60
2354
1980 Rainbow trout 72
1981
Rain
bow t
rout
37.8
:t 3.6
(9)
1700
Lake Ontario: Other Locations
1982
Rain
bow t
rout
Cobu
rg
41 j:
3
1414
1982
Lake
trout
Cobu
rg
41.3
:t 3 (
3)
1425
1982
Lake
trout
Niaga
ra on
the L
ake
43.3
i 3.3
(4)
1490
1982 Lake trout Oswego 45 i 10 (2)
Notes:
Numbe
rs in
parent
heses
indica
te num
ber of
ﬁshes
in sam
ple us
ed in
the av
eragin
g. If n
o num
ber a
ppears
in
paren
these
s, th
en ei
ther o
nly o
ne me
asur
emen
t was
repor
ted,
or the
sourc
e of t
he da
ta di
d not
quali
fy th
e inf
ormat
ion
in so
me ma
nner.
This
is esp
ecial
ly im
porta
nt fo
r the
data
on th
e Gan
arask
a Riv
er fo
r 197
6 to
1978,
wher
e the
sourc
es
used
repor
ted m
eans
but n
ot un
certa
intie
s or
stand
ard e
rrors
in the
compi
latio
n. Ra
dioac
tive
meas
ureme
nts w
ere m
ade
on a w
et wei
ght ba
sis. D
ata ar
e from
both C
anadi
an (IJ
C 1983
, 1987
; Josh
i 1984
; Envi
ronme
nt Can
ada, p
ersona
l
commu
nicat
ion)
and U
nited
State
s (Ne
w Yo
rk St
ate D
epart
ment
of He
alth
1983
—1993
) sou
rces.
Bioac
cumul
ation
factors
from J
oshi (
1984)
relate
to ope
n wate
r level
s or a
mbien
t leve
ls at c
ollect
ion sit
e, depe
nding
on the
availa
ble
data.
  
All o
fthe
bioac
cumul
ation
facto
rs cit
ed ha
ve th
e sam
e ord
er of
magni
tude,
altho
ugh ﬁ
shes
in La
ke Hu
ron
have
highe
r bio
accum
ulati
on fa
ctors
than
ﬁshes
in La
ke On
tario
. The
se fa
ctors
shoul
d not
be as
sume
d to h
old f
or
the t
wo La
kes o
ver a
ll per
iods
oftim
e. J o
shi (
1984)
calcu
lated
bioac
cumul
ation
facto
rs fr
om se
veral
fish s
tudie
s
going
back
to 1
976
(som
e of
the d
ata
from
whic
h ap
pear
in Ta
ble
10).
His
calcu
latio
ns su
ggest
that
bioac
cumul
ation
facto
rs we
re m
uch
highe
r in e
arly
years
and h
ave e
xhibi
ted a
down
ward
trend
with
time.
His
work a
lso ind
icated
that fi
shes in
lakes
not re
ceivin
g direc
t disch
arges
ofradi
onucli
des (L
ake Su
perior
) some
times
had h
igher
bioac
cumul
ation
facto
rs th
an fi
shes
from
lakes
that h
ad di
rect d
ischa
rges
of ra
dionu
clide
s. Th
ere a
re
severa
l poss
ible e
xplana
tions
for suc
h an o
bserva
tion,
but be
cause
the da
ta bas
es are
not su
fficien
tly ext
ensive
to
perf
orm a
statis
ticall
y com
preh
ensi
ve in
terla
ke co
mpar
ison
of bi
oaccu
mulat
ion f
actor
s of
cesi
um or
test a
ny
hypot
heses
or re
asons
for tr
ends
or dif
feren
ces i
n app
arent
facto
rs fr
om la
ke to
lake,
the T
ask F
orce
cauti
ons t
hat
no pa
rticu
lar e
mpha
sis s
hould
be pl
aced
on an
y tre
nd su
ggest
ed by
the d
ata; t
hey m
erel
y illu
strate
what
has b
een
reported and observed.
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s
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o
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Y
e
a
r
19
92
1992
19
92
Lake
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ta
ri
o
On
ta
ri
o
On
ta
ri
o
HW
R
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d
St
at
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n
Dar
lin
gto
n
(P
ro
vi
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l
Pa
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oa
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ul
at
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fa
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Da
rl
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gt
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(N
GS
)
Bi
oa
cc
um
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at
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fa
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s:
P
i
c
k
e
r
i
n
g
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A"
di
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e)
Bi
oa
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um
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fa
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s:
Sa
mp
le
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Su
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tr
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e
Tr
ou
t
Wh
it
eﬁ
sh
Su
ck
er
Wa
te
r
Se
di
me
nt
s
Tr
ou
t/
wa
te
r
Wh
it
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sh
/w
at
er
Su
ck
er
/w
at
er
Tro
ut
Whit
eﬁsh
Su
ck
er
Wat
er
Se
di
me
nt
s
Tr
ou
t/
wa
te
r
Wh
it
ef
is
h/
wa
te
r
Su
ck
er
/w
at
er
Tro
ut
Wh
it
eﬁ
sh
Suc
ker
Wat
er
Se
di
me
nt
s
Tr
ou
t/
wa
te
r
Wh
it
eﬁ
sh
/w
at
er
Su
ck
er
/w
at
er
Ac
ti
vi
ty
IJ
‘I
Cs
/A
OK
(B
q/
L
0r
Bq
/k
g)
II
I7
Cs
1.
07
i0
.1
5
0.
56
i0
.1
5
0.
18
i0
.1
5
<0.
003
2
.
5
i
1
.
3
0.
96
i
0.
18
0.4
8 i
: 0
.18
0.2
3 i
0.1
1
<0
.0
03
<1
.2
1.
04
i
0.
22
0.6
3 i
0.1
5
1.
15
10
.2
2
0.
01
5
:t
0.
00
4
16.
5 i
1.5
6
9
.
3
42
.0
7
6
.
7
40
K
12
0 i
4
0.
00
89
11
9
t
4
0.
00
47
10
5 i
6
0.
00
17
0.1
4 i
0.0
3
36
0
i
30
0.
00
69
85
7
85
0
750
124
i 6
0.
00
77
12
6
i
6
0.
00
38
109
:t 4
0.
00
21
0.
14
i
0.
04
41
0 :
t 3
0
88
6
90
0
779
13
7 i
7
0.
00
76
12
0 :
t 4
0.
00
53
121
i
7
0.
00
95
0.1
4 t
0.0
4
0.
10
7
41
0 i
30
0.0
402
979
85
7
86
4
  
  
TABLE 1
0 (contin
ued)
CESIUM
ACCUMU
LATION
IN GREA
T LAKE
S BIOTA
PART II —- "
"Cs IN GREA
T LAKES FI
SIIES: STUD
IES AT HWR
NUCLEAR G
ENERATING
STATIONS
(adapted fro
m operating r
eports of Onta
rio Hydro)
Year
1992
1992
1992
Lake
IIWR
and Station
Ontario
Pickering
("8" discharge)
Bioaccum
ulation f
actors:
Ontario
Pickering
(Duﬂin'
s Creek
)
Bioaccum
ulation
factors:
Ontario
Pickering
(Coldwater Farms)
Sample
or Substrate
Trout
Whiteﬁsh
Suc
ker
Water
Sedi
ment
s
Trout/water
Whiteﬁsh/water
Sucker/water
Trout
Whiteﬁsh
Sucker
Water
Sediments
Trout
/\ 'at
cr
Whitefi
sh/wate
r
Sucker/water
Rainbow trout
Rainbow trout
Activity
(Bq/L or Bq/kg)
U7
CS
0.92 i 0.18
0.85 i 0.22
1,00 :1: 0.22
<
0
.
0
0
3
7.0 i 1.3
1.00 i 0.15
0.74 i 0.22
0.96 i 018
<0.
003
8.5
i 1.
4
(4015
0,2 1 0.1
40
K
132
i4
136i6
131i6
0.17i0.05
430i300.0162
776
800
771
104i 3
133 i 6
153 i4
0.17
i 00
4
390 i 20 0.022
61
2
783
90
0
128i
4(w)
“714(5)
lWCs
/MIK
0.0069
0.0
063
0.0
076
0.0096
0.0056
0.0063
0.0017
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H
W
R
L
a
k
e
On
ta
ri
o:
Da
rl
in
gt
on
Pi
ck
er
in
g
Av
er
ag
e
ge
oc
he
mi
ca
l
ra
t
Sp
ec
ie
s
Tro
ut
Tro
ut
Av
er
ag
e
fo
r
La
ke
On
ta
ri
o
fi
sh
:
La
ke
On
ta
ri
o:
Dar
lin
gto
n
Tro
ut
Tr
ou
t/
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TABLE I
O (contin
ued)
CESIUM ACCUMULATION IN GREAT LAKES BIOTA ‘
PART II —— m
Cs IN GREA
T LAKES FI
SIIES: STUDI
ES AT IIWR
NUCLEAR G
ENERATING
STATIONS
(adapted from operating r
eports of Ontario Hydro)
HW
R
Lake
Huron:
Bruce
Lake Huro
n:
"7C8
“K
Bruce
Lake Onta
rio/Lake
Huron
Trout
All ﬁsh 03]
Average geoc
hemical ratios
for U7Cs/“K f
or species mon
itored at HW
R facilities
Species U7Cs
/“’K
Species mCs
/‘OK
Species l“Cs
/“'K
Species U7C
s/“K
Trout 0i0l
85
Walleye 0‘02
38
Bass 002
]
All fish ().0
l94
Average bioaccumulation factors for species monitored at HWR facilities
1063
1123
13l8
H68
Walleye/water
Bass/
water
Trout/water
Average all fish/water
*
*
‘
l
*
Comparisons of Lakes Ont
ario and Huron
Average geochemical ratio
s for '"Cs/“K
Average bioaccumulation
factors "7C5 and “K
U7Cs “K
045
All fish/water *
1A4]
Notes:
(1) Sediment data are dry weight; ﬁsh data are wet weight
(2) Symbols: (w) samples taken in wintergspring period (January to June); (5) samples taken in summer—autumn period (July to December); (*) cannot
calculate the number from information given
(3) Averages of bioaccumulation factors are calculated when there are two or more results for a given species of fish. The overall average bioaccumulation
factor for fishes in a lake ave
rages all data from that lake
without regard to the numbe
r of entries per species.
(4) Bioaccumulation factors reported for l"Cs based on one data set only
(5) Ratio ofbioaccumulation factors for “K for Lake Ontario and Lake Huron comparison obtained by taking the ratio ofthe averages of all ofthe
bioaccumulation factors for the ﬁshes ofeach lake.
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of
str
ont
ium
fo
rm
ed
in
fis
sio
n e
ith
er
dir
ect
ly
or
as
the
de
ca
y p
rod
uct
s o
f o
the
r
nuc
lid
es
(ma
inl
y n
obl
e g
as
rad
ion
ucl
ide
s o
f k
ryp
ton
),
90S
r is
esp
eci
all
y i
mpo
rta
nt
bec
aus
e o
f it
s l
ong
hal
f-l
ife
of
30
yea
rs.
A s
eco
nd
nuc
lid
e o
f c
onc
ern
, 8
9Sr,
als
o a
fis
sio
n p
rod
uct
, o
cca
sio
nal
ly
app
ear
s i
n n
ucl
ear
fal
lou
t.
 States within
Nu
cl
ea
r
p
o
we
r
pl
an
ts
pr
od
uc
e
m
a
n
y
st
ro
nt
iu
m
nu
cl
id
es
.
Nu
cl
ea
r
p
o
we
r
pl
an
ts
in
th
e
Un
it
ed
th
e
Gr
ea
t
La
ke
s
Ba
si
n
re
po
rt
ed
8"
’S
r
in
li
qu
id
ef
ﬂu
en
ts
11
7
ti
me
s
du
ri
ng
th
e
pe
ri
od
of
19
80
—1
99
3,
wi
th
at
le
as
t
se
ve
n
nu
cl
ea
r
p
o
w
e
r
pl
an
ts
re
po
rt
in
g
th
e
is
ot
op
e
ea
ch
ye
ar
.
T
h
e
m
a
x
i
m
u
m
n
u
m
b
e
r
of
Un
it
ed
St
at
es
nu
cl
ea
r
p
o
w
e
r
pl
an
ts
in
th
e
Gr
ea
t
L
a
k
e
s
B
a
s
i
n
w
h
i
c
h
re
po
rt
ed
th
is
is
ot
op
e
in
li
qu
id
ef
ﬂu
en
ts
w
a
s
11
,
a
n
d
th
at
oc
cu
rr
ed
in
19
91
.
Al
l
Un
it
ed
St
at
es
an
d
Ca
na
di
an
nu
cl
ea
r
p
o
w
e
r
pl
an
ts
re
po
rt
di
sc
ha
rg
es
of
90
Sr
.
O
n
e
or
t
w
o
p
o
w
e
r
pl
an
ts
ye
ar
ly
re
po
rt
re
le
as
es
o
f
92
Sr
,
a
n
d
ve
ry
ra
re
ly
,
pe
rh
ap
s
o
n
c
e
ev
er
y
5
or
6
ye
ar
s,
a
p
o
w
e
r
pl
an
t
re
po
rt
s
re
le
as
es
o
f
91
Sr
.
A
m
o
n
g
th
e
ot
he
r
st
ro
nt
iu
m
ra
di
on
uc
li
de
s
re
po
rt
ed
as
fi
ss
io
n
pr
od
uc
ts
fo
r
C
a
n
a
d
i
a
n
pl
an
ts
wi
th
re
sp
ec
t
to
in
ve
nt
or
ie
s
fo
r
hi
gh
—l
ev
el
wa
st
e
di
sp
os
al
ar
e
86
Sr
a
n
d
87
Sr
.
T
h
e
st
ab
le
nu
cl
id
e,
88
Sr
,
is
re
po
rt
ed
in
hi
gh
-l
ev
el
wa
st
e
bu
t
no
t
re
po
rt
ed
in
ra
di
oa
ct
iv
e
ef
fl
ue
nt
s.
Barium
O
n
l
y
"
0
B
3
is
im
po
rt
an
t
in
in
ve
nt
or
ie
s
of
ra
di
on
uc
li
de
s.
Th
is
fi
ss
io
n
pr
od
uc
t
de
ca
ys
to
"O
La
,
an
d
th
es
e
t
wo
nu
cl
id
es
ar
e
so
me
ti
me
s
tr
ea
te
d
to
ge
th
er
.
S
o
m
e
so
ur
ce
s
ev
en
re
po
rt
th
e
da
ta
fo
r
th
e
t
w
o
is
ot
op
es
as
a
c
o
m
b
i
n
e
d
ac
ti
vi
ty
,
wi
th
ou
t
in
di
ca
ti
ng
wh
i
c
h
fr
ac
ti
on
of
th
e
ac
ti
vi
ty
be
lo
ng
s
to
ea
ch
is
ot
op
e.
O
n
l
y
b
a
r
i
um
is
di
sc
us
se
d
in
th
is
se
ct
io
n.
La
nt
ha
nu
m,
a
ra
re
ea
rt
h
el
em
en
t,
is
tr
ea
te
d
wi
th
ot
he
r
ra
re
ea
rt
h
el
em
en
ts
,
no
ta
bl
y
ra
di
on
uc
li
de
s
of
ce
ri
um
.
Ba
ri
um
ac
cu
mu
la
te
s
on
ly
sl
ig
ht
in
or
ga
ni
sm
s,
th
e
mo
st
de
fi
ni
ti
ve
fr
es
hw
at
er
st
ud
ie
s
be
in
g
th
os
e
of
Co
wg
il
l.
It
s
ac
cu
mu
la
ti
on
st
ro
ng
ly
de
pe
n
Hi
gh
ca
lc
iu
m
le
ve
ls
in
ti
ss
ue
s
te
nd
s
to
bl
oc
k
ac
cu
mu
la
ti
on
an
d
de
po
si
ti
on
of
ba
ri
um
.
48
ds
on
le
ve
ls
of
ca
lc
iu
m
bo
th
wi
th
in
th
e
en
vi
ro
nm
en
t
an
d
wi
th
in
or
ga
ni
sm
ti
ss
ue
s.
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VARIOUS STUDIES (adapted from work of various authors)
TABLE 11
UPTAKE OF GROUP “A AND GROUP 111A ELEMENTS: Be, Mg, Ca, Sr, Ba, B, AND A1
 
Species
Study: Co
wgill (19
76)
Eng/elm grad/is
Mixed algal culture
Dap/mia magna
[)aplmia pulex
Average algae
A vcrage Drip/mm
Spring Water (X10‘)
Trap rock
Average algae / spring water
Average [)aplmia / average algae
Average Daphm'a / spring water
Study: Cowgill and France (1982)
Victoria umazonim
Young plants
Pre-ﬂowering plants
Mature plants. unopened blooms
Mature plants, full blooms
Study: Cowgill (1973a)
Nymplmc’a odomm (water lily)
R/iopalasiphum nymphaea (aphid)
Aphid/water lily
Ca
7311
91
12
76,643
36878
8212
56,761
Elements (ppm)
Mg Be Sr
5996 0.088 40.0
6520
0.084
35.3
633 0.028 45.8
549 0.017 81.9
6258
0.86
37.6
591
0,023
63.9
44,900 18,800 0.15 330
57,151 40,058
1828
6.92
1264
Ca
4054
9508
8303
6421
10,200
1 1,900
0.123
129.3
Ba
48.5
44.5
84.3
67
,1
46.5
75.7
140
126
Bioaccumulation factors
3329 5733 1139
0.094 0.027 1.70
4208 153 1936
Mg Be Sr
4107 0.064 35.7
4012 0.041 18.5
3703 0.037 14.9
3109 0.033 108
2500 0445 16.7
2300 0.32 25.5
Bioaccumulation factors
0.92 0,72 1.53
33
21
1.62
5407
B
a
105
46.9
50
.2
51
.4
42
.3
82
.2
1.
94
12.0
17.8
14
.0
14.0
14.9
14.0
580
130
257
0,99
241
15.6
12.2
15.6
15.2
A1
190.5
232.9
121.7
127.0
211.7
124.4
2070
53,179
1019
0.584
599
A1
4391
779
365
32
4
Geochemical ratios (X104)
Be/
Mg
0.147
0.129
0.004
0.0
05
0.138
0.0045
0.816
0.031
1.72
0.28
0.12
0.156
0.102
0.10
0.106
1.39
Ba/Ca
66.3
48.8
11
,0
18.2
57
.6
14.6
31
.2
22.0
1.82
0.234
4.28
259
48.9
60.2
80.1
16.3
21
.4
Sr/
Ca
54.7
38.7
5.98
22.2
46.7
14.1
73.5
22.6
0.62
0.244
1.53
88.1
19.5
17.9
16.8
41.5
69.1
B/Al
632
764
1157
1102
698
1 130
2801
24.4
0.2
52
1.69
0.40
35.6
156
427
469
  
 A
re
ce
nt
da
ta
se
t
fr
om
Y
a
n
et
al
.
(1
98
9)
pr
ov
id
es
up
ta
ke
da
ta
fo
r
th
e
ne
t
zo
op
la
nk
to
n
fo
r
a
se
ri
es
of
la
ke
s
in
th
e
Ca
na
di
an
Sh
ie
ld
.
Si
nc
e
th
e
Ca
na
di
an
Sh
ie
ld
is
a
re
gi
on
cu
rr
en
tl
y
un
de
r
co
ns
id
er
at
io
n
by
th
e
Go
ve
rn
me
nt
of
Ca
na
da
as
a
po
ss
ib
le
si
te
fo
r
a
hi
gh
-l
ev
el
nu
cl
ea
r
wa
st
e
re
po
si
to
ry
,
th
e
bi
ot
a
of
th
is
re
gi
on
ar
e
of
Ta
sk
Fo
rc
e
in
te
re
st
.
Fu
rt
he
rm
or
e,
th
e
re
gi
on
is
wi
th
in
on
e
da
y'
s
au
to
mo
bi
le
tr
av
el
of
th
e
Gr
ea
t
La
ke
s,
an
d
de
pe
nd
in
g
on
a
va
ri
et
y
of
cl
im
at
e
an
d
ot
he
r
ge
op
hy
si
ca
l
fa
ct
or
s,
th
e
po
ss
ib
il
it
y
of
ra
di
on
uc
li
de
s
in
th
is
re
gi
on
re
ac
hi
ng
th
e
Gr
ea
t
La
ke
s
ca
nn
ot
be
di
sc
ou
nt
ed
.
Fu
rt
he
r,
an
d
qu
it
e
fo
rt
un
at
el
y,
mo
st
of
bi
ot
a
fo
un
d
in
th
e
la
ke
s
st
ud
ie
d
al
so
oc
cu
r
in
th
e
up
pe
r
Gr
ea
t
La
ke
s,
ma
ki
ng
th
e
zo
op
la
nk
to
n
st
ud
ie
s
of
th
es
e
la
ke
s
re
le
va
nt
to
an
un
de
rs
ta
nd
in
g
of
th
e
bi
ol
og
ic
al
cy
cl
in
g
of
el
em
en
ts
in
co
mp
ar
ab
le
bi
ot
a
in
th
e
Gr
ea
t
La
ke
s.
Th
es
e
ve
ry
im
po
rt
an
t
da
ta
ap
pe
ar
in
Ta
bl
e
12
.
Th
e
da
ta
su
gg
es
t
th
at
st
ro
nt
iu
m
an
d
ba
ri
um
ha
ve
ve
ry
di
ff
er
en
t
up
ta
ke
ch
ar
ac
te
ri
st
ic
s r
el
at
iv
e
to
th
e
Gr
ou
p
11
el
em
en
ts
.
St
ro
nt
iu
m
up
ta
ke
an
d
le
ve
ls
do
no
t
ap
pe
ar
to
de
pe
nd
on
th
e
up
ta
ke
an
d
ti
ss
ue
le
ve
ls
of
ca
lc
iu
m,
bu
t
ba
ri
um
up
ta
ke
an
d
le
ve
ls
sh
ow
st
ro
ng
st
at
is
ti
ca
l c
or
re
la
ti
on
s
wi
th
ca
lc
iu
m
le
ve
ls
.
Th
e
co
rr
el
at
io
ns
be
tw
ee
n
ba
ri
um
an
d
ca
lc
iu
m
le
ve
ls
in
zo
op
la
nk
to
n
ar
e
pa
rt
ic
ul
ar
ly
pr
on
ou
nc
ed
wh
en
th
e
ca
lc
iu
m
le
ve
l
ex
ce
ed
s
10
,0
00
p
p
m
dr
y
weight of tissue.
Th
e
se
pa
ra
ti
on
of
la
ke
s
in
to
Su
db
ur
y
an
d
no
n—
Su
db
ur
y
ar
ea
re
fl
ec
ts
th
e
in
ve
st
ig
at
or
s'
co
nc
er
ns
ab
ou
t
th
e
di
sc
ha
rg
es
of
ni
ck
el
fr
om
th
e
Su
db
ur
y
sm
el
te
r
as
a
po
in
t
so
ur
ce
of
po
ll
ut
io
n.
Th
is
po
ll
ut
io
n
so
ur
ce
st
ro
ng
ly
in
fl
ue
nc
es
th
e
ov
er
al
l
el
em
en
ta
l
up
ta
ke
of
me
ta
ls
by
zo
op
la
nk
to
n
in
ne
ar
by
la
ke
s.
Ya
n
et
a1
. (
19
89
)
ch
os
e
la
ke
s
th
at
we
re
no
t
th
em
se
lv
es
kn
ow
n
to
be
po
ll
ut
ed
fr
om
ot
he
r
po
in
t
so
ur
ce
s
or
no
np
oi
nt
so
ur
ce
s,
pa
yi
ng
ca
re
fu
l
at
te
nt
io
n
to
ob
ta
in
in
g
a
ra
ng
e
of
ch
em
ic
al
co
nd
it
io
ns
wi
th
re
sp
ec
t
to
al
ka
li
ni
ty
, p
H
(a
co
nc
er
n
ab
ou
t
la
ke
ac
id
it
y,
wh
ic
h
ag
ai
n
is
st
ro
ng
ly
in
ﬂu
en
ce
d
by
sm
el
te
r
re
le
as
es
of
su
lf
ur
ox
id
e
ga
se
s
an
d
ae
ro
so
ls
),
or
ga
ni
c
co
nt
en
t,
an
d
di
ve
rs
it
y
of
zo
op
la
nk
to
n
sp
ec
ie
s.
Th
us
no
n-
Su
db
ur
y
ar
ea
la
ke
s
wo
ul
d
no
t
be
ex
pe
ct
ed
to
ha
ve
zo
op
la
nk
to
n
wi
th
hi
gh
ti
ss
ue
le
ve
ls
of
ni
ck
el
un
le
ss
at
mo
sp
he
ri
c
tr
an
sp
or
t
an
d
de
po
si
ti
on
of
ni
ck
el
to
th
os
e
la
ke
s
oc
cu
rr
ed
.
Th
e
Ta
sk
Fo
rc
e
di
d
no
t
co
ns
id
er
wh
et
he
r
a
ca
lc
iu
m
co
rr
el
at
io
n
wi
th
ni
ck
el
in
fl
ue
nc
ed
a
ca
lc
iu
m
co
rr
el
at
io
n
wi
th
st
ro
nt
iu
m
or
ba
ri
um
be
ca
us
e
of
th
e
in
ad
eq
ua
cy
of
th
e
st
at
is
ti
ca
l
to
ol
s
av
ai
la
bl
e
fo
r
su
ch
co
mp
ar
is
on
s
wi
th
th
es
e
sp
ec
ia
l
da
ta
.
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TABLE 12
ELEMENTAL COMPOSITION OF THE BIOTA FROM LAKES IN THE
CANADIAN SHIELD. PART I — UPTAKE OF STRONTIUM, BARIUM
AND RELATED ELEMENTS BY NET PLANKTON
(adapted from Yan et al. 1989)
 
Lake
Sudbury area:
Clearwater
Lohi
McFarlane
Tyson
Attlee
Ruth Roy South
Ruth Roy North
Non-Sudbury area:
Heney
Dickie
Blue Chalk
Chub
Echo
Beech
Ril
Rock
Whiteﬁsh
St.Peter
Hay
McKenzie
Little Boulter
Red Chalk main
Red Chalk east
Louisa
Whalley
Cecebe
Horn-1
Harp
Hom-2
Big Ohlmann
Mackie
Dan‘s
Maple
Hill's
Fortune
Lucky
Faun
Brandy
Bat
Elements (ppm)
Ca Mg Sr Ba
119 113 0.1 1.2
816 864 3.0 4.4
109,635 4480 197.0 82.9
5528 2487 35.1 7.0
31,551 1705 159.0 185.0
149 949 4.2 13.6
836 888 3.9 14.5
1906 1258 12.3 26.4
5259 1387 27.3 24.4
10,965 948 52.7 33.2
8451 1867 56.7 65.0
6177 2098 38.2 49.7
20,628 1995 107.0 50.2
6533 2128 39.8 37.1
10,427 1978 67.8 84.9
6606 1986 46.6 54.5
29,742 1429 120.0 75.0
15,229 1595 81.0 51.7
52,857 2053 227.0 153.0
5003 1933 29.5 34.4
12,117 1087 61.5 44.3
5431 1501 35.7 50.4
21,280 968 118.0 149.0
23,680 1686 114.0 66.3
4107 1523 27.1 44.5
58,237 2098 290.0 193.0
5101 1818 37.2 36.6
52,470 12,383 248 233
14,943 1590 44.1 29.7
27,246 823 63.5 41.7
61,675 1771 139 44.9
19,024 823 85.0 32.1
8051 477 40.2 24.4
59,409 1706 125 35.8
16,285 836 55.5 13.5
3910 878 20.3 12.5
30,558 878 244 106
730 1378 0.8 1.4
Geochemical ratios
(X103)
Sr/Ca Ba/Ca
0.84 10.0
3.68 5.39
1.80 0.76
6.35 1.27
5.04 5.86
3.66 11.8
4.67 17.3
6.45 13.9
5.19 4.63
4.80 3.03
6.71 7.69
6.18 8.05
5.18 2.43
6.09 5.68
6.50 8.14
7.05 8.25
4.04 2.52
5.38 3.39
4.29 2.89
5.90 6.88
5.08 3.66
6.57 9.28
5.54 7.00
4.81 2.80
6.60 10.8
4.98 3.31
7.29 7.17
4.73 4.44
2.95 1.98
2.33 1.53
2.25 0.728
4.47 1-69
4.99 3.03
2.10 0.606
3.40 0.829
5.19 3.20
7.98 3.47
1.09 1.92
  
 TABLE 12 (continued)
EL
EM
EN
TA
L
CO
MP
OS
IT
IO
N
OF
TH
E
BI
OT
A
FR
OM
A
SE
RI
ES
OF
LA
KE
S
IN
TH
E
CA
NA
DI
AN
SH
IE
LD
——
NE
T
Z
O
O
P
L
A
N
K
T
O
N
(adapted from Yan et al. 1989)
Statistics:
Av
er
ag
e
ge
oc
he
mi
ca
l
Su
db
ur
y
No
n-
Su
db
ur
y
Al
l l
ak
es
ra
ti
o
Ar
ea
La
ke
s
Ar
ea
La
ke
s
Av
er
ag
e
Sr
/C
a
3.
72
4.
86
4.
65
Av
er
ag
e
Ba
/C
a
(f
or
all
la
ke
s)
:
7.
47
4.
39
5.
02
(C
a
in
zo
op
la
nk
to
n
$1
0,
00
0
pp
m)
9.
15
6.
96
5.
92
(C
a
in
zo
op
la
nk
to
n
>1
0.
00
0
pp
m)
3.
31
3.
39
3.
37
Th
er
e
do
es
no
t
ap
pe
ar
to
be
an
y
sta
tis
tic
all
y s
ig
ni
ﬁc
an
t c
or
re
la
ti
on
be
tw
ee
n
th
e
fo
ll
ow
in
g
ge
oc
he
mi
ca
l
rat
ios
:
Ba
’C
a
an
d
Ca
/S
r.
No
te
s:
(1
)
Al
l
da
ta
ar
e
dr
y
we
ig
ht
.
(2)
Ge
oc
he
mi
ca
l
rat
io
sta
tis
tic
s f
or
" l
ak
es
re
ga
rd
le
ss
of
Ca
"
ig
no
re
s c
or
re
la
ti
on
wi
th
ca
lc
iu
m.
Av
er
ag
es
ar
e t
ak
en
ov
er
all
ge
oc
he
mi
ca
l
ra
ti
os
fo
r
a g
iv
en
el
em
en
t.
Co
mp
os
it
io
n
of
la
ke
zo
op
la
nk
to
n
by
pe
rc
en
ta
ge
oft
ota
l b
io
ma
ss
:
Ta
xa
Ra
ng
e
Me
di
an
Ch
yd
or
id
ae
0—
2.
6%
0
Bo
sm
in
id
s (
tot
al)
0—
86
8
1.4
5
Bosmina longiroslris
Eubosmina Iubicen
E. longispina
 
Di
ap
lz
an
os
om
a
spp
.
0—
18
9
03
Da
ph
nm
spp
.
0—
96
6
19
4
Ho
lo
pe
a'
iu
m g
ib
be
ru
m
0—
82
9
2.9
5
Pre
dat
ory
Cl
ad
oc
er
a
0—
6.
82
O
Polyphemus pediculus
Leplodoru kindlii
Ca
la
no
id
a
01
4—
10
0
25.
5
Cy
cl
op
oi
da
0~
72
.6
8.5
1
  
52
 GROUP IIb ELEMENTS: ZINC, CADMTUM, AND MERCURY
Zinc, cadmium, and mercury
The Group IIb elements, zinc, cadmium, and mercury, are important heavy metal contaminants ofthe Great
Lakes.
Each
elemen
t has
at leas
t one
radion
uclide
potent
ially
requir
ing an
invent
ory fo
r the G
reat L
akes (
652m
113Cd,
203Hg)
, but
actual
ly onl
y the r
adionu
clide
of zin
c need
s a sep
arate
invent
ory fo
r biolo
gical
compar
tments
.
65Zn
is an
activ
ation
produ
ct wi
th a l
ong e
noug
h half
-life
(244
days)
to cy
cle w
ithin
the G
reat
Lakes
. Zin
c
is als
o a re
quire
d tra
ce me
tal i
n man
y met
aboli
c pro
cesse
s, an
d thus
, zinc
will a
ccumu
late
quite
easil
y in b
iolog
ical
tissues.
A nuc
lide
ofca
dmiu
m occ
urs n
atura
lly a
nd th
e radi
oacti
ve po
rtion
ofthi
s nuc
lide
foun
d nat
urall
y in b
iota
can b
e obt
ained
by a
proce
dure
simil
ar to
the o
ne us
ed fo
r 40K.
Anot
her n
uclid
e of
cadm
ium,
“)ng
(half-
life 4
50
days),
occasi
onally
appear
s in di
scharg
es ofn
uclear
facilit
ies and
is used
in lab
orator
y rese
arch (
see dis
cussio
ns
of the
Task
Force
of Tie
r 11 n
uclear
facilit
ies). A
lthou
gh its
half-li
fe ass
ures i
ts cyc
ling t
hrough
biolog
ical
compar
tments
, the
source
data o
n its d
ischar
ge int
o the
Great
Lakes
are in
adequa
te to
produ
ce an
estima
ted
inventory.
The n
uclid
e ofm
ercur
y, al
thoug
h it is
a ﬁss
ion p
roduc
t, ha
s a ve
ry lo
w ﬁss
ion y
ield
and d
oes n
ot ro
utine
ly
occur
in nu
clear
efﬂue
nts o
r was
tes.
It has
been
used
in la
borat
ory a
nd fi
eld re
searc
h, bu
t ina
dequa
te da
ta pr
eclud
e
preparation of an estimate of its inventory in Great Lakes biotic compartments.
GROUP IIIa ELEMENTS: BORON, ALUMINUM, GALLTUM, INDIUM, AND THALLTUM
The Group IIIa elements are boron, aluminum, gallium, indium, and thallium. Ofthese elements, only boron
and al
uminu
m are o
fconc
ern in
develo
ping i
nvento
ries o
fradio
nuclid
es. Ga
llium,
indium
, and
thalli
um do n
ot hav
e
nucli
des t
hat ar
e pro
duce
d in n
uclea
r sys
tems
that a
re lik
ely to
be di
schar
ged t
o the
Great
Lakes
, alt
hough
Cowgi
ll
has noted that gallium is accumulated by a variety of organisms.
Boron
Boro
n is a
comp
onen
t of
mode
rato
r mat
erial
s in t
he re
actor
s of
nucle
ar po
wer p
lants
becau
se of
its hi
gh
neutro
n abso
rption
abiliti
es. The
re are
no rep
orts of
radion
uclide
s of bo
ron re
leased
to the
Great
Lakes.
Rather
the
products ofnuclear reactions ofboron are nuclides of other elements, the most important ofwhich is tritium. Boron
is a pl
ant nut
rient,
and in
excess
, a pla
nt toxi
cant.
Since
few co
mpoun
ds of
boron
are wa
ter so
luble,
the ra
nge of
concentrations of boron in source material exerting effects on organisms is quite small.
Aluminum
Alum
inum
is a r
efere
nce e
lemen
t oft
en ch
osen
to de
scrib
e geo
chem
ical
coher
ence
of el
ement
s ori
ginat
ing
in soil
s and
minera
ls. Pl
ants c
an acc
umulat
e alum
inum,
and an
early
study
by Hut
chins
on and
Wolla
ck (19
43)
exami
ned al
uminu
m accu
mulato
r plant
s in co
nsider
able de
tail. A
lso, t
wo rad
ionucl
ides o
falum
inum,
2"Al an
d 28A1,
are produced cosmogenically. Data for aluminum may assist in the understanding ofthe behavior ofother elements,
but no separate bioaccumulation factors for aluminum are given.
   
 G
R
O
U
P
I
I
I
b
E
L
E
M
E
N
T
S
:
S
C
A
N
D
I
U
M
,
Y
1
l
R
I
U
M
,
L
A
N
T
H
A
N
U
M
,
A
N
D
R
A
R
E
E
A
R
T
H
S
T
h
e
G
r
o
u
p
I
I
I
b
e
l
e
m
e
n
t
s
o
f
t
h
e
P
e
r
i
o
d
i
c
T
a
b
l
e
a
r
e
r
a
t
h
e
r
u
n
u
s
u
a
l
.
A
l
l
a
r
e
r
a
r
e
i
n
n
a
t
u
r
e
.
T
h
e
l
o
w
m
o
l
e
c
u
l
a
r
w
e
i
g
h
t
s
c
a
n
d
i
u
m
o
f
t
e
n
s
h
o
w
s
u
p
i
n
p
a
r
t
i
c
u
l
a
t
e
m
a
t
t
e
r
s
a
m
p
l
e
d
i
n
t
h
e
u
p
p
e
r
a
t
m
o
s
p
h
e
r
e
a
n
d
h
a
s
t
w
o
n
u
c
l
i
d
e
s
w
h
i
c
h
f
o
r
m
c
o
s
m
o
g
e
n
i
c
a
l
l
y
.
It
h
a
s
a
l
s
o
b
e
e
n
s
t
u
d
i
e
d
b
y
C
o
w
g
i
l
l
i
n
p
l
a
n
t
s
,
b
u
t
t
h
e
d
a
t
a
o
n
p
o
t
e
n
t
i
a
l
d
i
s
c
h
a
r
g
e
s
t
o
t
h
e
G
r
e
a
t
Lakes are scant.
Y
t
t
r
i
u
m
a
n
d
l
a
n
t
h
a
n
u
m
a
n
d
t
h
e
o
t
h
e
r
r
a
r
e
e
a
r
t
h
e
l
e
m
e
n
t
s
,
a
r
e
w
e
l
l
r
e
p
r
e
s
e
n
t
e
d
a
m
o
n
g
t
h
e
n
u
c
l
i
d
e
s
f
o
r
m
e
d
i
n
t
h
e
n
u
c
l
e
a
r
f
u
e
l
c
y
c
l
e
.
M
a
n
y
r
a
r
e
e
a
r
t
h
e
l
e
m
e
n
t
s
h
a
v
e
p
r
i
m
o
r
d
i
a
l
r
a
d
i
o
n
u
c
l
i
d
e
s
a
m
o
n
g
t
h
e
i
r
i
s
o
t
o
p
e
s
.
a
n
d
a
l
m
o
s
t
al
l
o
f
t
h
e
i
s
o
t
o
p
e
s
o
f
t
h
e
r
a
r
e
e
a
r
t
h
e
l
e
m
e
n
t
s
a
r
e
m
i
l
d
l
y
r
a
d
i
o
a
c
t
i
v
e
.
T
h
e
b
e
h
a
v
i
o
r
o
f
t
h
i
s
g
r
o
u
p
o
f
e
l
e
m
e
n
t
s
i
n
b
i
o
l
o
g
i
c
a
l
m
a
t
e
r
i
a
l
s
is
n
o
t
w
e
l
l
u
n
d
e
r
s
t
o
o
d
.
C
o
w
g
i
l
l
'
s
s
t
u
d
i
e
s
o
f
t
h
e
r
a
r
e
e
a
r
t
h
e
l
e
m
e
n
t
s
i
n
v
a
r
i
o
u
s
p
l
a
n
t
s
p
e
c
i
e
s
s
u
g
g
e
s
t
e
d
t
h
a
t
o
r
g
a
n
i
s
m
s
m
a
y
e
x
e
r
t
c
o
n
s
i
d
e
r
a
b
l
e
s
e
l
e
c
t
i
v
i
t
y
o
n
w
h
i
c
h
e
l
e
m
e
n
t
s
t
h
e
y
a
c
c
u
m
u
l
a
t
e
,
t
h
a
t
t
h
e
y
c
a
n
a
c
c
u
m
u
l
a
t
e
c
o
n
s
i
d
e
r
a
b
l
e
q
u
a
n
t
i
t
i
e
s
r
e
l
a
t
i
v
e
t
o
t
h
e
l
o
w
c
o
n
t
e
n
t
o
f
t
h
e
s
e
e
l
e
m
e
n
t
s
i
n
s
o
u
r
c
e
m
a
t
e
r
i
a
l
s
,
a
n
d
t
h
a
t
t
h
e
e
l
e
m
e
n
t
s
c
a
n
r
e
m
a
i
n
l
a
r
g
e
l
y
u
n
d
e
t
e
c
t
a
b
l
e
b
y
p
r
e
s
e
n
t
m
e
t
h
o
d
s
,
s
u
g
g
e
s
t
i
n
g
l
e
v
e
l
s
b
e
l
o
w
1
p
p
m
i
n
e
i
t
h
e
r
s
o
u
r
c
e
m
a
t
e
r
i
a
l
s
o
r
b
i
o
l
o
g
i
c
a
l
t
i
s
s
u
e
s
.
E
x
c
e
p
t
f
o
r
s
c
a
n
d
i
u
m
,
r
a
d
i
o
n
u
c
l
i
d
e
i
n
v
e
n
t
o
r
i
e
s
i
n
b
i
o
l
o
g
i
c
a
l
c
o
m
p
a
r
t
m
e
n
t
s
a
r
e
n
e
e
d
e
d
f
o
r
al
l
o
f
t
h
e
G
r
o
u
p
I
I
I
b
e
l
e
m
e
n
t
s
a
n
d
r
a
r
e
e
a
r
t
h
s
,
a
l
t
h
o
u
g
h
s
o
m
e
s
c
a
n
d
i
u
m
d
a
t
a
a
r
e
p
r
o
v
i
d
e
d
f
o
r
r
e
f
e
r
e
n
c
e
p
u
r
p
o
s
e
s
.
T
h
e
d
a
t
a
a
r
e
p
r
e
s
e
n
t
e
d
i
n
T
a
b
l
e
1
3
.
Yttrium
R
a
d
i
o
n
u
c
l
i
d
e
s
o
f
y
t
t
r
i
u
m
f
o
r
m
d
i
r
e
c
t
l
y
a
s
ﬁ
s
s
i
o
n
p
r
o
d
u
c
t
s
a
n
d
a
s
t
h
e
d
e
c
a
y
p
r
o
d
u
c
t
s
o
f
o
t
h
e
r
ﬁ
s
s
i
o
n
p
r
o
d
u
c
t
s
,
n
o
t
a
b
l
y
r
a
d
i
o
n
u
c
l
i
d
e
s
o
f
Sr
.
T
w
o
n
u
c
l
i
d
e
s
o
f
y
t
t
r
i
u
m
h
a
v
e
b
e
e
n
r
e
p
o
r
t
e
d
i
n
d
i
s
c
h
a
r
g
e
s
t
o
t
h
e
G
r
e
a
t
L
a
k
e
s
,
9
°
Y
a
n
d
9
‘
Y
.
T
h
e
f
o
r
m
e
r
h
a
s
a
v
e
r
y
s
h
o
r
t
ha
lf
-l
if
e,
b
u
t
t
h
e
la
tt
er
h
a
s
a
s
u
f
ﬁ
c
i
e
n
t
l
y
l
o
n
g
ha
lf
-l
if
e
to
ca
ll
f
o
r
a
n
i
n
v
e
n
t
o
r
y
.
Y
t
t
r
i
u
m
c
a
n
a
c
c
u
m
u
l
a
t
e
i
n
o
r
g
a
n
i
s
m
s
,
b
u
t
t
h
e
a
v
a
i
l
a
b
l
e
d
a
t
a
b
a
s
e
is
s
p
a
r
s
e
.
C
o
w
g
i
l
l
'
s
d
a
t
a
p
r
e
s
e
n
t
s
t
h
e
m
o
s
t
c
o
m
p
r
e
h
e
n
s
i
v
e
r
e
v
i
e
w
o
f
y
t
t
r
i
u
m
in
a
q
u
a
t
i
c
o
r
g
a
n
i
s
m
s
.
T
h
e
e
n
v
i
r
o
n
m
e
n
t
a
l
c
y
c
l
i
n
g
o
f
y
t
t
r
i
u
m
a
p
p
e
a
r
s
t
o
f
o
l
l
o
w
t
h
a
t
o
f
t
h
e
r
a
r
e
e
a
r
t
h
e
l
e
m
e
n
t
s
d
e
s
c
r
i
b
e
d
b
e
l
o
w
.
Lanthanum
L
a
n
t
h
a
n
u
m
is
o
n
e
o
f
t
h
e
m
o
s
t
t
o
x
i
c
e
l
e
m
e
n
t
s
t
o
a
q
u
a
t
i
c
o
r
g
a
n
i
s
m
s
.
N
e
v
e
r
t
h
e
l
e
s
s
,
it
is
d
e
t
e
c
t
a
b
l
e
i
n
s
m
a
l
l
a
m
o
u
n
t
s
in
a
q
u
a
t
i
c
b
i
o
t
a
a
l
o
n
g
w
i
t
h
o
t
h
e
r
r
a
r
e
e
a
r
t
h
e
l
e
m
e
n
t
s
.
L
a
n
t
h
a
n
u
m
p
h
o
s
p
h
a
t
e
is
v
e
r
y
i
n
s
o
l
u
b
l
e
in
w
a
t
e
r
.
T
h
e
p
r
e
c
i
p
i
t
a
t
e
is
q
u
a
n
t
i
t
a
t
i
v
e
w
i
t
h
a
v
e
r
y
h
i
g
hg
r
a
v
i
m
e
t
r
i
c
c
o
n
s
t
a
n
t
,
t
h
u
s
p
r
o
v
i
d
i
n
g
a
n
a
n
a
l
y
t
i
c
a
l
m
e
t
h
o
d
f
o
r
t
h
e
e
l
e
m
e
n
t
.
T
h
i
s
i
n
f
o
r
m
a
t
i
o
n
s
u
g
g
e
s
t
s
t
h
a
t
l
a
n
t
h
a
n
u
m
w
o
u
l
d
n
o
t
b
e
e
x
p
e
c
t
e
d
t
o
b
e
a
w
a
t
e
r
p
o
l
l
u
t
i
o
n
p
r
o
b
l
e
m
f
o
r
m
o
s
t
w
a
t
e
r
s
g
i
v
e
n
t
h
e
i
r
p
h
o
s
p
h
a
t
e
c
o
n
t
e
n
t
.
F
u
r
t
h
e
r
,
t
h
e
ra
ri
ty
o
f
t
h
e
e
l
e
m
e
n
t
m
a
k
e
s
it
s
r
e
c
o
v
e
r
y
f
r
o
m
a
q
u
a
t
i
c
s
y
s
t
e
m
s
ﬁ
n
a
n
c
i
a
l
l
y
w
o
r
t
h
w
h
i
l
e
r
a
t
h
e
r
t
h
a
n
d
i
s
c
h
a
r
g
i
n
g
it
in
a
w
a
s
t
e
efﬂuent.
T
h
e
a
c
c
u
m
u
l
a
t
i
o
n
o
f
l
a
n
t
h
a
n
u
m
in
b
i
o
t
a
s
e
e
m
s
t
o
d
e
p
e
n
d
o
n
t
h
e
p
r
e
s
e
n
c
e
o
f
c
a
l
c
i
u
m
.
L
a
n
t
h
a
n
u
m
c
a
n
s
o
m
e
t
i
m
e
s
s
u
b
s
t
i
t
u
t
e
f
o
r
c
a
l
c
i
u
m
in
a
b
i
o
u
p
t
a
k
e
p
r
o
c
e
s
s
f
r
o
m
a
c
a
l
c
i
u
m
—
i
m
p
o
v
e
r
i
s
h
e
d
m
e
d
i
u
m
.
S
i
n
c
e
c
a
l
c
i
u
m
p
h
o
s
p
h
a
t
e
s
a
r
e
a
l
s
o
i
n
s
o
l
u
b
l
e
,
th
is
m
a
y
o
f
f
e
r
a
p
a
r
t
i
a
l
e
x
p
l
a
n
a
t
i
o
n
o
f
t
h
e
b
e
h
a
v
i
o
r
o
f
l
a
n
t
h
a
n
u
m
.
O
n
e
r
a
d
i
o
n
u
c
l
i
d
e
o
f
l
a
n
t
h
a
n
u
m
i
m
p
o
r
t
a
n
t
f
o
r
G
r
e
a
t
L
a
k
e
s
w
o
r
k
is
“
O
L
a
.
It
f
o
r
m
s
d
i
r
e
c
t
l
y
a
s
a
ﬁ
s
s
i
o
n
p
r
o
d
u
c
t
a
n
d
a
s
t
h
e
d
e
c
a
y
p
r
o
d
u
c
t
o
f
1“
"B
a.
T
h
i
s
la
tt
er
f
a
c
t
e
x
p
l
a
i
n
s
w
h
y
s
e
v
e
r
a
l
d
i
s
c
h
a
r
g
e
r
s
t
e
n
d
t
o
r
e
p
o
r
t
t
h
e
c
o
m
b
i
n
a
t
i
o
n
o
f
14
0B
a]
“’
O
L
a
,
w
i
t
h
o
u
t
s
e
p
a
r
a
t
i
n
g
t
h
e
r
e
l
a
t
i
ve
p
r
o
p
o
r
t
i
o
n
s
o
f
t
h
e
i
s
o
t
o
p
e
s
.
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Cerium
Ceri
um is
only
other
rare e
arth e
lemen
t bes
ides
lant
hanu
m that
is rou
tinel
y det
ected
in bio
ta. Co
wgill
's da
ta
proba
bly p
rovid
es th
e mos
t co
mple
te se
t of
infor
matio
n on
the s
table
form
s of
the e
lemen
t in
aquat
ic bi
ota.
Radio
nucli
des o
f cer
ium a
re ma
jor ﬁ
ssion
produ
cts a
nd ha
ve be
en de
tecte
d in G
reat
Lake
s wat
ers.
The
two m
ajor
radionuclides of interest are l“Ce and M4Ce.
Other Lanthanides
As p
revi
ousl
y no
ted,
orga
nism
s ma
y be
capa
ble
of a
ccum
ulat
ing
rare
eart
h el
emen
ts s
elect
ively
. Ex
cept
for l
anth
anum
and p
raes
eody
mium
, Cow
gill
(1974
a) fo
und t
hat th
e mac
roph
ytes
ofLi
nsley
Pond
only
accum
ulate
d
elem
ents
ofev
en a
tomi
c nu
mber
. Sh
e di
d not
obse
rve
the p
atte
rn re
peat
ed in
her
stud
ies o
fthe
gian
t Am
azo
n Ri
ver
wate
r lil
y, Vi
ctor
ia am
azon
ica.
For
that
spec
ies,
the o
nly
dete
cted
rare
eart
h el
emen
ts w
ere
lant
hanu
m an
d ce
rium
(Table 14).
In he
r stu
dies
of th
e rar
e ear
th el
ement
s acc
umula
ted
by Da
phnz'
a, Co
wgill
foun
d eu
ropi
um i
n the
organ
isms,
but n
ot in
the s
ource
mater
ials.
sugge
sting
that
it wa
s hig
hly i
mpove
rish
ed in
the s
ource
mater
ials
comp
osin
g the
Daph
m’a
medi
um,bu
t that
the or
ganis
ms co
uld s
till bi
oaccu
mulat
e and
conce
ntrat
e to a
great
degre
e.
With
resp
ect t
o bi
oacc
umul
atio
n pr
oces
ses
in ge
nera
l, th
e lan
than
ides
act s
uffi
cien
tly c
oher
entl
y tha
t on
e ca
n tre
at
the
total
accu
mula
tion
of al
l of
thos
e el
emen
ts a
s a s
ingl
e el
emen
t for
bioa
ccum
ulat
ion
anal
yses
.
In se
vera
l st
udie
s the
beha
vior
of un
usua
l el
emen
ts t
hat c
ycle
in la
kes a
nd t
he oc
eans
thro
ugh
sorp
tion
to
the s
urfac
es of
biopa
rticl
es, a
radio
nucli
de of
gadol
inium
was
used.
Howe
ver,
the a
uthor
s of
that
study
could
not
provi
de ba
ckgr
ound
data
on ga
doli
nium
level
s in
the a
quati
c env
iron
ment
to ass
ist in
the i
nterp
retat
ion o
f the
ir
work.
It is n
ot cle
ar wh
ethe
r gad
olini
um sh
ould
be co
nside
red a
n ele
ment
whic
h cyc
les o
n an
orga
nism
as op
pose
d
to in an organism.
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TABLE 13 (continued)
UPTAKE OF RARE EARTH ELEMENTS AND THEIR CONGENERS BY AQUATIC BIOTA
(from Cowgill 1976)
Geochemical ratios
Species or [RE/Ti Ca/Ti (Ta/La Ca/ERE P/Ti P/La P/XRE
subs
trat
e
Earth's crust
7.37 >10'8 >28 X 109 0.184 34.8
Trap rock 0.0823 8.36 0.060 3.53 073
Spring water 1.4805 1122 7.25 32.2 4.89
Euglena gracil
is 8.92
Mixed algae 6.66 570 1876 1180 282
Hap/mm pulm‘ 58.80
Daplmia mag/
m 54.18
Average Daplmia 56.5 24,153 6186 285 109
5
7
Ca/Ti Ca/La Ca/ZRE P/Ti P/La P/ZRE
Earth's crust 7.37 1391 0.184 34.8 0 73
Trap Rock 836 4918 2882 0.060 3.53 1
Spring Water 1122 4987 758 7.25 32.2 489
Euglena gracilis
Mixed Algae
570 358
85.6 1876
1180 282
Dap/mia pulex
Daplmia magna
Average Daplmia 24,153 1 l 11 427 6186 285 109
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GROUP IVa ELEMENTS: CARBON, SILICON, GERMANIUM, TIN, AND LEAD
The Group IVa elements are carbon, silicon, germanium, tin, and lead. Although they share a common
chemical grouping, their chemistry differs very markedly from element to element. For that reason, each element
is discussed separately without any major prefatory statement. Data on uptake of Group IVa elements is presented
in Table 15.
Carbon
The major radionuclide of carbon is 14C, and it requires consideration all by itself. However,
bioaccumulation factors for carbon would require a consideration of all the compounds which are formed. Thus.
bioaccumulation factors are not developed for 1‘C, per se, but specific inorganic and organic compounds that
contain the element.
Silicon
Silicon is an essential element in the skeletal structure of diatoms and Foraminafera, usually in the
amorphous mineralogical form of opaline phytoliths. The bioaccumulation of silica suggests that it might be a
macronutrient in plants other than diatoms, but as earlier indicated, many silica analyses may be faulty because of
analyses of silica on the material rather than silica in the material.
The biological cycling of silicon in the Great Lakes (because of diatoms) has been intensively studied by
Stoermer and his coworkers. Wahlgren et a1. (1980) used the cycling of silica to explain much ofthe dynamics of
the movement of transuranics, especially plutonium, in Lake Michigan, particularly the movement of plutonium
to sediments and seasonal distributions. The silicon—plutonium connection thus has particular importance in
establishing inventories of transuranic radionuclides to the Great Lakes.
Two radionuclides ofsilicon, 3 1 Si and 3Si, are produced cosmogenically. There is some limited production
by fission, but no indication that the fission isotopes are released to the Great Lakes. The same procedures used
to develop biocompartment inventories for the cosmogenically produced nuclides of aluminum can be used to
produce biocompartment inventories for the radionuclides of silicon.
Germanium
Germanium does accumulate in biota, but there are many problems with analytical procedures and other
technical concerns that mitigate making the most cursory estimates of germanium bioaccumulation factors.
Germanium has not been detected or reported on in Great Lakes water or biota, but its presence is sufficiently
difficult to measure that it might be overlooked. Germanium isotopes are found in fuel elements and therefore of
possible concern, although as previously noted. the discharge of germanium to the Great Lakes is largely
undocumented.
The analytical procedures for germanium are quite difficult, and there are many technical problems in
detecting and quantifying this element in aquatic media. Some of these methodological difficulties cast doubt on
the confidence of some of the data in the literature. Given the very limited data available for the element. there
seems little justification in attempting what would be a highly speculative estimate ofan inventory for germanium
for biocompartments.
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TABLE 15
UPTAKE OF GROUP 1V, V, AND VI ELEMENTS BY AQUATIC BIOTA:
Si, Ge, Sn, Pb, S , Se, P (ppm)
e
U3
2
Species or substrate
Sn
Pb
S
Se
P
Study: Cowgill (1976)
Euglena gracilis
725
0.25
23.5
12.6
5943
2.0
23095
Mixed algae
1136
0.18
20.0
10.0
4201
1.9
30960
Daphm'a [)lllC’X
893
0.29
4.2
9.8
3965
2.1
13141
Daphnia magna
771
0.20
1.2
7.2
5647
1.6
15934
Study: Cowgill (1974a)
Ni'mphaea odo
ram (Linsley P
ond, 1971)
Flowers
11,800
0.34
5.0
11.0
Flower stalks
3600
0.30
7.5
10.7
Leaves
10.600
0.34
3.2
12.0
Stems
1800
0.27
4.4
9.6
Study: Cowgill (1973a, 1974a)
anphaea ()dorala (Linsley Pond, 1972)
Flowers
680
0.36
30
9.8
Flower stalks
640
031
9.0
9.6
Leaves
570
0.33
6.4
8.4
Stems
620
0.27
10.0
9.0
6
1
Nymphaea oduram (Cedar Lake, 1971)
Flowers
14,600
0.37
2.8
11.5
Flower stalks
2800
0.30
7.1
11.9
Leaves
9000
0.33
3.4
12.6
Stems
4800
0.27
4.2
1 1.7
Rhopalisyphum nymp/mea
1760
0.55
2.5
9.2
Study: Uthe and Bligh (1971)
Special note: wet weight data; estimated moisture content 80%
Coregonus rlupeaformis
Moose Lake, Manitoba
3.57
<0.5
024
Lake Ontario
0.80
038
£501 Iucius
Moose Lake, Manitoba
5.43
017
Lake St. Pierre
0.67
0.37
Lake Erie
0.54
0.19
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Hafnium
Hafnium has several long-lived isotopes, including one that is primordial. It also accumulates to a very
limited degree in plants. The limited data come mainly from Cowgill.
Vanadium
Vanadium accumulates in organisms (Table 16) and is an essential micronutrient for certain plants and
fungi. 50V is a primordial radionuclide. Other radionuclides of vanadium form as both fission and activation
products. Recent interest in vanadium by a number of researchers has provided a data base on vanadium uptake
in plants and animals that offers possibilities in estimating its behavior in biological compartments. However. there
is only limited indication that vanadium radionuclides are released to the Great Lakes. Rather, the importance of
vanadium data assist in studying niobium.
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TABLE 1
6 (contin
ued)
UPTAKE 0F SELECTED TRANSITION ELEMENTS BY AQUATIC BIOTA:
Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Zr, Nb, Mo
(adapted from data of various investigators)
 
Species or substrate Elements (ppm)
Ti V Cr Mn Fe Co Ni Zn Zr Nb
Nup/tar advent
: ( Linsley Pon
d ,1972)
Flowers 2.7 0.64 247 1040 0.25 4.2 105 8.7
Flower stem 2.6 0.53 151 1320 0.19 3.4 110 13.1
Leaves 2.5 0.60 719 1290 0.22 4.8 139 10.1
Stem 3.1 0.64 492 1100 0.19 2.7 110 12.0
Study: Cowgil
l and France
(1982)
Victoria amazm
iica (Amazon
River)
Young plants 20.1 0.076 2.23 3807 8929 0.23 0.40 15.2 5.9 0.29
Prc-ﬂowcring plants 3.3 0.067 2.05 6532 2835 0.27 0.49 19.0 2.2 0.34
Unopened bud plants 1.3 0.063 2.0 3242 1349 0.73 0.55 19.7 1.5 0.38
Full blooming plants 0.9 0.056 1.9 2417 1034 0.20 0.59 20.9 1.2 039
Study: St
einnes (1
995)
Ilo/oromium .
vplendt’ns (Sva
lbard. Sweden
)
Station 1
3.9 2.5 1176 37
Station 11
5.2 3.6
2076
2.6
Station 111
17.4 9.1 4501 52
Station IV
2.9 1.5 1420 1.3
(Iceland)
Station 1
10.0 5.2 4059 57
Station 11
15.3 2.8 4952 3.2
Station 111
8.0 3.4
2782
3.3
Study: Cowgill (1976)
Bap/min pit/ex
2.4 4.4 1 3 132 1014
3.3 4.2 135 14.9 16.1
Daphnia magna
2.3 1.3 0.6 94 916
0.7 3.6 102 15.9 11.9
Average Bap/min
2.3 2.9 1.0 113 965 2.0 3.9 119 15.4 14.0
Study: Cowgill (1974a)
Rhopalosip/ttmt nympltaea
28.6
0.88 780 3070
0.5 5.3 152 8.7
0.05
0.18
0.10
0.30
0.315
0.330
0.289
0.250
0.7
0.2
0.5
2.0
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TABLE 16 (continued)
UPTAKE 0F SELECTED TRANSITION ELEMENTS BY AQUATIC BIOTA:
Ti, V. Cr, Mn, Fe, Co, Ni, Zn, Zr, Nb, Mo
(adapted from data of various investigators)
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Geochemical ratios
Study and species or
Ti/ V Ti/Zr Zr/Nb V/Nb Fe/Mn
Fe/Co
Fe/Ni
Cr/Mo
substrate
Study: Cowgill (1976)
Euglena grad/1's
1.78
1.5
0.54
0.45
46.46
3410.79
7200.56
0.22
Mixed algae
6.21
1.78
0.74
0.21
43.89
3762.14
390148
0.21
[)aplmia pulex
0.54
0.16
0.93
0.27
7.68
307.27
241.43
1.86
Drip/min magna
1.77
0.14
1,34
0.11
9.74
1308.57
254.44
3.00
Average Daphnia
0.79
0.15
1.10
0.21
8.54
482.5
247.44
200
Spring water
Trap rock
Study: Cowgill and Prance (1982)
V[maria amazonica
Young plants
265
3.41
203
0.26
2.34
38,821
Pre<ﬂowering plants
136
1.5
6.5
0.20
0.43
12,326
Mature plants: unopened buds
21
0.87
39.4
0.17
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GROUP VIIa ELEMENTS (THE HALOGENS): FLUORJNE, CHLORINE, BROMINE, IODINE, AND
ASTATINE
The halogens, Group VIIa, of the Periodic Table are elements with univalent negatively charged ions:
ﬂuorine, chlorine, bromine, iodine, and astatine. Since astatine is an artiﬁcial nuclide, it is not discussed here. The
remaining halogen elements exist naturally as diatomic gases or as salts in various minerals. The largest source
ﬂuorine is in minerals, especially certain aluminum and phosphate minerals. Chlorine, bromine, and iodine occur
both as rock salt minerals as well as dissolved in ocean waters.
Fluorine
Fluorine has a very limited biological uptake. The carbon—ﬂuorine bond is very strong, but it is also very
difﬁcult to create. A group of ﬂuorine accumulator plants (terrestrial, and mainly found in Africa) apparently can
metabolize and store ﬂuorine through a ﬂuoracetic acid pathway. Fluoracetic acid is very toxic to almost all animal
species (terrestrial and aquatic) because it interferes with the Krebs’ cycle. Radionuclides ofﬂuorine have virtually
no role in the Great Lakes, and there are no inventory calculations for ﬂuorine presented.
Chlorine
Chlorine has several radionuclides, some of which are formed cosmogenically. Also chlorine is a
macroelement in biological tissues because of its role in the maintenance of electrolyte balance and osmotic
pressure, but studies of radioactive chlorine behavior in environmental systems are almost nonexistent. A review
group evaluating the Draft Environmental Impact Assessment for high level waste deposit in a possible Canadian
Shield repository noted with some surprise the apparently unexpected presence of detectable 3"C1 in reactor
material. Although the nuclide can form as a ﬁssion product as well as cosmogenically, apparently its ﬁssion yield
is so small that its appearance in the reactor materials was unexpected. The usual source of this nuclide is the decay
of the cosmogenically produced 3SS. Consequently, some fraction of biologically retainedchlorine would be
expected to be radioactive.
Bromine
Bromine accumulates in several organisms and exhibits some unusual biological properties. It is a major
inorganic constituent of the neurotoxins produced by several species of marine animals. It has been detected
enriched in tumor tissue of a primate (Cowgill 1977), and the sodium or potassium bromide salts have long been
used by humans for the treatment of headaches. Radionuclides of bromine form directly as ﬁssion products and
as a decay product of other ﬁssion products. Although elemental bromine is a liquid at room temperature, it
vaporizes easily and might accompany chlorine and iodine in gaseous efﬂuents. However, most bromine occurs
naturally as anionic material, usually either as bromide ion or bromate ion. Since most bromide and bromate
compounds are very water soluble, the element attains a special importance should some accidental breach of
nuclear fuel element integrity occur. Bromine would carry other nuclides directly into solution creatinga hi gh-level
liquid radioactive waste. However, the radionuclides ofbromine are very short lived.
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se
le
ni
um
pr
od
uc
ed
by
nu
cl
ea
r
ac
ti
vi
ti
es
in
th
e
Gr
ea
t
La
ke
s
Re
gi
on
ex
ce
pt
fo
r
79
Se
ar
e
ve
ry
sh
or
t
li
ve
d,
bu
t
th
e
re
si
du
al
s
of
79
Se
ar
e
im
po
rt
an
t
on
ly
in
co
ns
id
er
at
io
ns
of
th
e
hi
gh
-l
ev
el
wa
st
e
in
ve
nt
or
ie
s
fo
r
fu
el
el
em
en
ts
.
Th
e
Ta
sk
Fo
rc
e
ha
s
no
do
cu
me
nt
at
io
n
th
at
se
le
ni
um
nu
cl
id
es
ar
e
re
le
as
ed
by
nu
cl
ea
r
fa
ci
li
ti
es
to
th
e
Gr
ea
t
La
ke
s
Ba
si
n.
Th
os
e
us
er
s
of
75
Se
fo
r
re
se
ar
ch
pu
rp
os
es
do
no
t
re
le
as
e
th
at
la
rg
e
a
qu
an
ti
ty
th
at
th
e
cy
cl
in
g
of
th
is
nu
cl
id
e
ne
ed
be
ro
ut
in
el
y
co
ns
id
er
ed
;
ho
we
ve
r.
bo
th
su
lf
ur
an
d
se
le
ni
um
ar
e
tr
ea
te
d
as
el
em
en
ts
th
at
ha
ve
im
po
rt
an
ce
in
es
ta
bl
is
hi
ng
th
e
in
ve
nt
or
ie
s
an
d
be
ha
vi
or
s
fo
r
th
e
nu
cl
id
es
of
ot
he
r
el
em
en
ts
.
De
sp
it
e
th
e
to
xi
ci
ty
of
te
ll
ur
iu
m,
th
er
e
is
li
mi
te
d
ac
cu
mu
la
ti
on
.
Co
wg
il
l
on
ly
fo
un
d
th
e
el
em
en
t
oc
cu
rr
in
g
na
tu
ra
ll
y
in
pl
an
t
ma
te
ri
al
fr
om
th
e
Mi
dd
le
Ea
st
.
no
t
fr
om
he
r
st
ud
ie
s
in
No
rt
h
Am
er
ic
a
(p
er
so
na
l
co
mm
un
ic
at
io
n,
Ap
ri
l
26
,
19
96
).
No
r
ar
e
ra
di
on
uc
li
de
s
of
te
ll
ur
iu
m
do
cu
me
nt
ed
in
th
e
re
le
as
es
fr
om
nu
cl
ea
r
po
we
r
pl
an
ts
,
al
th
ou
gh
su
ch
nu
cl
id
es
wo
ul
d
re
qu
ir
e
co
ns
id
er
at
io
n
in
th
e
hi
gh
le
ve
l
wa
st
e
in
ve
nt
or
ie
s
fo
r
fu
el
el
em
en
ts
.
Se
ve
ra
l
is
ot
op
es
of
te
ll
ur
iu
m
fo
rm
as
fi
ss
io
n
pr
od
uc
ts
.
M
a
n
y
te
ll
ur
iu
m
co
mp
ou
nd
s
ar
e
vo
la
ti
le
an
d
wo
ul
d
ap
pe
ar
in
th
e
ga
se
ou
s
em
is
si
on
s.
Is
ot
op
es
of
te
ll
ur
iu
m
ha
ve
be
en
do
cu
me
nt
ed
in
th
e
ga
se
ou
s
em
is
si
on
s
of
fu
el
re
pr
oc
es
si
ng
op
er
at
io
ns
,
but not in North America.
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TABLE I7
BlOACCUMU
LATlON FA
CTORS AND
BIOMAGNIF
ICATION FA
CTORS FOR
VARIOUS E
LEMENTS l
N AQUATIC
BlOTA
Bioaccum
ulation
Biomagni
ﬁeation
Plants/
lnvertebrates/
Fishes/
Plants/
Plants/
Fishes/
Fishes/
Elements
water
water
water
sediments
invertebra
tes
plants
invertebr
ates
7
l
Beryllium
3000
4
4
4
0.05
-
4
Phosphor
us
NA
NA
NA
NA
NA
NA
NA
Potassium
10004300
0
4
800
4
142
4
4
Chro
mium
50,00
0
50,00
0
4
-—
1
v
v
Manganes
e
50,000
44
4‘
~—-«
0.5
4
—
Iron
50,000
5000
4
4-
0.1
4
4
Cobalt
300,000
60,000
4
1
4
4
Rubidium
10,000
12,000
4
4
I
4
4
Strontiu
m
1000
4
4
4
1.5
4
4
Zirconiu
m
2000
2000
4
4
1.5
—
—
Niobium
20,000
20,000
4
4
1.5
4
4
Iodine
2000
1000
4
4
0.4
—
—
Cesium
20,000
10,000
50
4
0.5
4
—
Ceriu
m
20,000
4
4
4
1
4*
M
Notes:
NA, n
ot ava
ilable.
(4) The Task
Force was una
ble to ﬁnd dat
a.
   
 G
R
O
U
P
Vl
b
E
L
E
M
E
N
T
S
:
C
H
R
O
M
I
U
M
,
M
O
L
Y
B
D
E
N
U
M
,
A
N
D
T
U
N
G
S
T
E
N
Th
e
gr
ou
p
VI
Ib
el
em
en
ts
ar
e
ch
ro
mi
um
,
mo
ly
bd
en
um
,
an
d
tu
ng
st
en
.
Al
l
th
re
e
el
em
en
ts
ha
ve
ra
di
on
uc
li
de
s
fo
rm
ed
by
ac
ti
va
ti
on
or
ﬁs
si
on
pr
oc
es
se
s
th
at
oc
cu
r
in
th
e
di
sc
ha
rg
es
to
th
e
Gr
ea
t
La
ke
s.
Al
l
th
re
e
el
em
en
ts
ca
n
bi
oa
cc
um
ul
at
e
in
ti
ss
ue
s
(T
ab
le
17
).
Chromium
Ch
ro
mi
um
cy
cl
es
th
ro
ug
h
bi
ol
og
ic
al
co
mp
ar
tm
en
ts
in
se
ve
ra
l
va
le
nc
e
st
at
es
,
tw
o
of
wh
ic
h
ar
e
ve
ry
im
po
rt
an
t
in
aq
ua
ti
c
sy
st
em
s.
Th
e
he
xa
va
le
nt
(+
6)
st
at
e
is
ve
ry
wa
te
r
so
lu
bl
e
an
d
hi
gh
ly
to
xi
c
to
mo
st
or
ga
ni
sm
s.
Th
e
tr
iv
al
en
t
(+
3)
st
at
e
ha
s
a
mu
ch
lo
we
r
wa
te
r
so
lu
bi
li
ty
an
d
be
ha
ve
s
as
a t
ra
ce
mi
cr
on
ut
ri
en
t
in
ce
rt
ai
n
ti
ss
ue
an
d
or
ga
ni
sm
al
sy
st
em
s
(M
er
tz
19
67
).
Mo
st
en
vi
ro
nm
en
ta
l
st
ud
ie
s
do
no
t
re
po
rt
th
e
va
le
nc
e
st
at
e
of
ch
ro
mi
um
,
ra
th
er
a
"t
ot
al
"
ch
ro
mi
um
le
ve
l.
As
a
pr
ec
au
ti
on
in
to
xi
co
lo
gi
ca
l
an
d
ec
ol
og
ic
al
st
ud
ie
s,
if
th
e
en
vi
ro
nm
en
t
is
ae
ro
bi
c.
m
a
n
y
in
ve
st
ig
at
or
s
an
d
mo
st
re
gu
la
to
ry
ag
en
ci
es
as
su
me
th
at
th
e
“t
ot
al
ch
ro
mi
um
”
is
in
th
e
he
xa
va
le
nt
st
at
e.
Ot
he
r
va
le
nc
e
st
at
es
(+
4,
+1
0)
of
ch
ro
mi
um
ar
e
no
t
st
ab
le
(t
he
y
ca
n
be
ex
pl
os
iv
e)
an
d
re
ad
il
y
at
ta
ck
or
ga
ni
c
ma
tt
er
,
es
pe
ci
al
ly
un
de
r
ac
id
co
nd
it
io
ns
.
Ne
ut
ro
n
ac
ti
va
ti
on
pr
od
uc
es
an
im
po
rt
an
t
ra
di
on
uc
li
de
of
ch
ro
mi
um
,
5 ‘
Cr
. T
hi
s
nu
cl
id
e
be
ha
ve
s
as
a
tr
ac
er
of
th
e
ef
fl
ue
nt
fr
om
nu
cl
ea
r
po
we
r
pl
an
ts
an
d
sc
ie
nt
is
ts
at
th
e
Ha
nf
or
d
fa
ci
li
ty
an
d
Ba
tt
el
le
No
rt
hw
es
t
ha
ve
fo
ll
ow
ed
th
e
nu
cl
id
e’
s
mi
gr
at
io
n
al
on
g
th
e
Co
lu
mb
ia
Ri
ve
r
to
th
e
Pa
ci
fi
c
Oc
ea
n
fo
r
ma
ny
ye
ar
s.
Molybdenum
Mo
ly
bd
en
um
is
a
tr
ac
e
nu
tr
ie
nt
re
qu
ir
em
en
t
fo
r
pl
an
ts
,
an
d
fu
nc
ti
on
s
in
se
ve
ra
l
en
zy
me
s
as
so
ci
at
ed
wi
th
ni
tr
og
en
fi
xa
ti
on
an
d
th
e
ut
il
iz
at
io
n
of
ir
on
an
d
su
lf
ur
in
ce
ll
ul
ar
me
ta
bo
li
sm
.
T
w
o
nu
cl
id
es
,
95
Mo
an
d
“M
o,
fo
rm
as
fi
ss
io
n
an
d
ac
ti
va
ti
on
pr
od
uc
ts
.
Al
th
ou
gh
99
M0
ha
s
a
ha
lf
-l
if
e o
f
on
ly
6
ho
ur
s,
it
de
ca
ys
to
99
To
(h
al
f-
li
fe
21
2,
00
0
ye
ar
s)
an
d
th
us
pl
ay
s
an
im
po
rt
an
t
ro
le
in
es
ti
ma
ti
ng
in
ve
nt
or
ie
s
fo
r
te
ch
ne
ti
um
.
99
Mo
an
d
99
To
ar
e
so
me
ti
me
s
tr
ea
te
d
as
a
co
mb
in
ed
pa
ir
,
si
mi
la
r
to
th
e
tr
ea
tm
en
t
of
14
0B
a
an
d
14
0L
a.
Tungsten
Tu
ng
st
en
ha
s
no
t b
ee
n
ro
ut
in
el
y
de
te
ct
ed
in
fr
es
hw
at
er
or
ga
ni
sm
s.
Mo
st
of
th
e
st
ud
ie
s
on
bi
og
eo
ch
em
ic
al
cy
cl
in
g
of
tu
ng
st
en
ex
am
in
es
th
e
tw
o
ra
di
on
uc
li
de
s
18
‘W
an
d
18
5W
,
wh
ic
h
ar
e
fi
ss
io
n
an
d
ac
ti
va
ti
on
pr
od
uc
ts
in
nu
cl
ea
r
re
ac
to
rs
.
Th
es
e
bi
ol
og
ic
al
st
ud
ie
s
em
ph
as
iz
ed
ob
ta
in
in
g
da
ta
to
pr
ed
ic
t
th
e
ex
po
su
re
by
hu
ma
ns
to
th
es
e
nu
cl
id
es
th
ro
ug
h
fo
od
.
Th
e
st
ud
ie
s
em
ph
as
iz
ed
tu
ng
st
en
up
ta
ke
by
te
rr
es
tr
ia
l p
la
nt
s,
no
ta
bl
y
ag
ri
cu
lt
ur
al
cr
op
s.
Th
e
da
ta
ba
se
up
on
wh
ic
h
to
ma
ke
bi
ol
og
ic
al
ju
dg
me
nt
s
ab
ou
t
tu
ng
st
en
,
in
ge
ne
ra
l
an
d
in
th
e
Gr
ea
t
La
ke
s
sp
ec
if
ic
al
ly
,
is very thin.
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GRO
UP V
IIb E
LEME
NTS:
MAN
GAN
ESE
, TE
CHNE
TIUM
, RH
ENIU
M, I
RON,
RUT
HEN
IUM
, AN
DOS
MIU
M
The
elem
ents
of V
IIb
com
e in
two
grou
ps:
(1)
mang
anes
e, t
echn
etiu
m, a
nd r
heni
um a
nd (
2) i
ron,
ruth
eniu
m, a
nd o
smiu
m. O
nly
mang
anes
e in
the f
irst s
ubgr
oup
and
iron
and
ruth
eniu
m in
the s
econ
d su
bgro
up h
ave
impo
rtan
t nu
clid
es f
or w
hic
h in
vent
orie
s in
biol
ogic
al c
omp
art
men
ts o
f th
e Gr
eat
Lak
es
are
nee
ded
. T
ech
net
ium
also
requ
ires
stud
y, b
ut th
ere i
s ins
ufﬁc
ient
data
and
info
rmat
ion
to es
tima
te i
ts bi
olog
ical
inve
ntor
y in
the G
reat
Lake
s. R
hen
ium
and
osmi
um,
alth
ough
high
ly to
xic t
o ma
mma
ls,
are n
ot d
ocum
ente
d in
the d
isch
arge
s to
the G
reat
Lake
s eit
her d
irec
tly a
s rad
ionu
clid
es o
r sta
ble i
soto
pes.
Radi
onuc
lide
s of
rhen
ium,
deca
y pr
oduc
ts o
frad
ionu
clid
es
of ruthenium, have very short half-lives.
Iron and manganese
Iron
and
mang
anes
e ar
e el
emen
ts s
ubje
ct to
the
caut
ion
abou
t "m
ater
ial o
n a t
issue
" ve
rsus
"mat
eria
l in
a
tissu
e." D
epen
ding
on t
he p
H of
the
fres
hwat
er s
yste
m or
the
"loc
al p
H" o
n th
e su
rfac
e of
tissu
e (pl
ants
that
may
have
dew
on l
eaves
), a
nd t
he le
vel o
f ox
ygen
atio
n of
the s
yste
m (a
erob
ic v
ersu
s an
aero
bic
envi
ronm
ent)
, ir
on an
d
mang
anes
e hy
drox
ides
can
form
prec
ipit
ates
on t
he ex
tern
al s
urfa
ces
of bi
olog
ical
mate
rial
s. M
any
anal
yses
of
plan
ts th
at re
port
very
high
iron
and
mang
anes
e le
vels
may
actu
ally
have
repo
rted
cryst
alli
ne fe
rric
and
mang
anes
e
oxid
es a
s su
rfac
e co
ntam
inan
ts.
Desp
ite
thes
e ch
emic
al a
rtifa
cts,
both
elem
ents
have
majo
r me
tabo
lic
role
s in
orga
nism
s an
d ap
proa
ch a
statu
s of
macr
onut
rien
t ra
ther
than
simp
le t
race
nutr
itio
nal
requ
irem
ent.
Iron
and
mang
anes
e at
oms
occu
r in
man
y en
zyme
s as
soci
ated
with
the
meta
boli
sm o
f ca
rboh
ydra
tes
and
lipid
s, as
well
as
the production of proteins and nucleotides (DNA).
Radi
onuc
lide
s of
iron
and
mang
anes
e fo
rm a
s act
ivat
ion p
rodu
cts
thro
ugh
neut
ron
inte
ract
ions
with
the
pipi
ng a
nd c
onta
mina
nts
in th
e co
nstr
ucti
on m
ater
ials
of f
uel
elem
ents
, re
acto
r ho
usin
gs,
etc.
In a
ddit
ion,
the
casi
ngs
on t
hose
nucl
ear
weap
ons
whic
h we
re a
tmos
pher
ical
ly d
eton
ated
in th
e 19
505
and
earl
y 19
605
bec
ame
activ
ated
with
the re
lease
ofra
dionu
clide
s oft
hese
eleme
nts.
Impor
tant
nucli
des a
re 5S’
Fe (ha
lf-lif
e 2.6
years
), 59
Fe
(half—
life 4
5 day
s), 5
4Mn (
half—l
ife 3
03 da
ys),
and 5
"Mn (
half-l
ife 2
.6 ho
urs).
The
two
nucli
des o
firon
and l
ower
atomi
c wei
ght n
uclid
e of
mang
anes
e las
t lon
g eno
ugh t
o cyc
le th
rough
Great
Lake
s eco
syste
ms. 5
5Fe a
nd 54
Mn
deca
y by
elec
tron
capt
ure
mech
anis
ms,
and
59Fe
and
56Mn
deca
y by
[3 em
issi
on.
The
deca
y pr
oduc
ts o
f SC’
Mn, a
stabl
e nuc
lide
ofiro
n, is
itself
subj e
ct of
neutr
on ac
tivat
ion.
The r
emain
ing p
ossib
le de
cay p
roduc
ts un
derg
o fur
ther
deca
y by
B— an
d [3+
emiss
ions,
furth
er el
ectro
n cap
ture
mech
anis
ms. o
r som
e com
bina
tion
there
of. A
ll da
ughte
r
nucli
des
from
these
deca
y sc
heme
s ha
ve r
elati
vely
high
therm
al n
eutro
n ca
pture
proba
bilit
ies (
i.e.,
"cros
s
sections").
The
most
impo
rtan
t bio
logi
cal
data
on t
he ra
dion
ucli
des
of ir
on a
nd m
anga
nese
com
e fr
om s
tudi
es o
f the
mari
ne e
nvir
onme
nt an
d the
monit
oring
of th
e Han
ford
facili
ty di
schar
ges t
o the
Colu
mbia
River
and
Pacif
ic
Ocean.
Ruthenium
With
out n
uclea
r tec
hnolo
gy, t
here w
ould
proba
bly b
e ver
y litt
le int
erest
in thi
s ele
ment.
Two
radio
nucli
des
ofru
then
ium a
re pr
oduc
ed in
signi
ﬁcant
quant
ities
in nuc
lear
fuel p
roces
sing
and ﬁ
ssion
proce
sses:
’°3Ru
(half-
life
41 da
ys) a
nd 10
6Ru (
half-l
ife 1
year)
. Bot
h nuc
lides
have
suffi
cient
time
unde
r a c
ontin
uing
disch
arge
patte
rn to
cycle
withi
n the
biota
of th
e Gre
at La
kes,
but t
he el
ement
has r
arely
been
detec
ted a
nalyt
icall
y in f
reshw
ater
biota
and reported in the literature.
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 Th
e R
adi
ati
on
Pro
tec
tio
n B
ra
nc
h o
ft
he
Ne
w Y
or
k S
tat
e D
ep
ar
tm
en
t o
f H
ea
lt
h (
19
83
—1
99
3)
has
pro
vid
ed
so
me
th
in
g o
f a
n e
xce
pti
on
to
the
mon
ito
rin
g o
fr
uth
eni
um.
Thi
s g
ro
up
use
s g
am
ma
rad
iat
ion
sci
nti
lla
tio
n s
pec
tra
to
sca
n f
or
sel
ect
ed
rad
ion
ucl
ide
s i
n b
iol
ogi
cal
mat
eri
als
col
lec
ted
fr
om
sev
era
l s
ite
s i
n t
he
Ne
w Y
or
k p
ort
ion
of
the
Gre
at
La
ke
s R
egi
on.
Th
e p
rob
lem
, h
ow
ev
er
, i
s t
hat
dat
a r
epo
rte
d f
or
106
Ru
in
bio
log
ica
l s
am
pl
es
sh
ow
tha
t t
he
nuc
lid
e o
ccu
rre
d a
t t
he
lo
we
r l
imi
t o
f d
ete
cti
on,
if a
t a
ll,
an
d b
ec
au
se
the
lo
we
r l
imi
t o
f d
ete
cti
on
dif
fer
ed
fr
om
sa
mp
le
to
sam
ple
, a
ran
ge
of
lo
we
r l
imi
ts
of
det
ect
ion
wa
s
obs
erv
ed.
Thi
s m
ak
es
inv
ent
ory
cal
cul
ati
ons
ver
y
unc
ert
ain
for
ru
th
en
iu
m n
ucl
ide
s.
Da
ta
for
the
Spr
ing
vil
le
Da
m s
ite
on
Cat
tar
aug
us
Cr
ee
k (
the
sit
e f
or
mon
ito
rin
g
efﬂ
uen
ts
fr
om
the
We
st
Val
ley
nuc
lea
r r
epr
oce
ssi
ng
fac
ili
ty
tha
t f
eed
int
o L
ak
e E
rie
) a
nd
Os
we
go
, N
ew
Yor
k,
nea
r
the
Ni
ne
Mi
le
Poi
nt
nuc
lea
r p
ow
er
pla
nt
(L
ak
e O
nta
rio
) a
ppe
ar
in
Ta
bl
e 1
8 a
nd
ill
ust
rat
e t
hes
e i
ssu
es.
Al
th
ou
gh
ru
th
en
iu
m b
elo
ngs
to t
he
sa
me
che
mic
al
fam
ily
as
iro
n a
nd
ma
ng
an
es
e,
the
Ta
sk
Fo
rc
e c
ons
ide
rs
it r
ath
er
un
wi
se
to
as
su
me
tha
t t
he
bio
log
ica
l c
ycl
ing
of
ru
th
en
iu
m f
oll
ows
the
pat
ter
n o
f t
he
bio
log
ica
l c
ycl
ing
of
iro
n a
nd
ma
ng
an
es
e.
Ava
ila
ble
stu
die
s s
ugg
est
tha
t r
ut
he
ni
um
mo
ve
s t
o s
edi
men
ts
an
d t
hat
mo
st
of
the
rad
iat
ion
it
con
tri
but
es
to
ec
os
ys
te
m b
ur
de
ns
is
ga
mm
a
rad
iat
ion
fr
om
ext
ern
al
exp
osu
re.
Th
e
el
em
en
t h
as
no
kn
ow
n
bio
log
ica
l r
ole
. T
he
Ta
sk
Fo
rc
e h
as
ch
os
en
not
to
est
ima
te
a b
io
co
mp
ar
tm
en
t i
nve
nto
ry
for
thi
s e
le
me
nt
giv
en
its
lac
k o
f o
bse
rva
tio
n i
n m
ajo
r s
tud
ies
of
the
ele
men
tal
com
pos
iti
on
of
fre
shw
ate
r b
iot
a.
TABLE 18
RA
DI
ON
UC
LI
DE
S I
N T
HE
GR
EA
T L
AK
ES
REG
ION
: “
Ru,
137C
s, a
nd
“K
(adapted from the Annual Reports of the
Rad
iat
ion
Pro
tec
tio
n B
ran
ch
of t
he N
ew
Yor
k S
tat
e D
epa
rtm
ent
of H
eal
th
198
3—1
993
)
Cattaraugus Creek/Springville Dam
 
Yea
r
Wat
er
(pC
i/L
)
Fis
h (
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Technetium
This artiﬁcial element has several isotopes, all radioactive, but the most important isotope is 99To (half-life
212,000 years). The remaining isotopes are short lived and not considered. Technetium bioaccumulates in tissues,
but its pathways of biological cycling are almost unknown. There have been no comprehensive environmental
studies, although its expected chemical form of technetium in aqueous systems is the TcO,“, most of whose
compounds are soluble. This makes the element potentially available for uptake by organisms in the water column.
Radionuclides of technetium result from ﬁssion and neutron activation. The isotopes also have use as
medical diagnostic agents. Thus, there are many sources of technetium to the Great Lakes, but without a
considerable quantity of fundamental data on water levels and biotic levels, no bioaccumulation factors are
estimatable.
GROUP VHIB ELEMENTS: COBALT, RHODIUM, IRIDIUM, NICKEL, PALLADIUM, AND PLATINUM
Similar to the Group VIIb elements, the Group VIHb elements also come in two subgroupings: (l) cobalt,
rhodium, and iridium and (2) nickel, palladium, and platinum. Only cobalt from the ﬁrst subgrouping and nickel
from the second subgrouping have radionuclides that are potentially bioaccumulation problems for Great Lakes
biota (Table 17). The radionuclides of both elements are activation products and among those for which
environmental monitoring is called for if detected.
Cobalt
All radionuclides ofcobalt form as activation products. Four radionuclides, “Co, “Co,5"Co, and °°Co are
discharged to the Great Lakes. Two of the nuclides, °°Co (half-life 5.26 years) and “Co (half-life 270 days) are
important in the discharges to the Great Lakes. The former has commercial use, and the latter is a major nuclide
in research.
Cobalt is an essential micronutrient and is the metallic element that activates vitamin B12. Therefore, cobalt
biouptake is expected in all aquatic biota. Since a radioactive version ofthe vitamin is a source of internal radiation
to blood forming organs and the liver in vertebrates, the cycling of cobalt is of both health and ecological interest.
Nickel
Most radionuclides ofnickel form as activation products or the decay products ofradioactive isotopes of
other activation products, notably radionuclides of cobalt. Thus, cobalt and nickel are strongly connected in their
radiochemistry. The direct discharge of radionuclides of nickel to the Great Lakes is infrequent, and a continuous
discharge of radionuclides of nickel suggests possible reactor shielding operational problems.
Complicating the situation about nickel discharges to the Great Lakes is the INCO smelter at Sudbury,
Ontario. The stack on this smelter is the largest discharger of nickel to the environment in North America. A
gradient of nickel levels in water and terrestrial vegetation from Sudbury, Ontario, to the Great Lakes tracks these
discharges. As an example, compare the nickel level in zooplankton from McFarlane Lake in Table 16 with other
lakes in the Sudbury area. (Yan et a1. 1989).
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e
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 TABLE 19
THORIUM IN AQUATIC ORGANISMS
(Adapted from Cowgill 1973a, 1973b)
Substrate Thorium (ppm) Bioaccumulation Enrichment
Factors Factors
Linsely Pond
Soils 2.6
Rocks 22
Sediments
Deep water 3.2
N. adorata 0.88
N, odorala (1971)
Flowers 2.3 Flowers/sediments2 2.6 0.14‘
Flower stalks 1.1 Flower stalks/sediments: 1.3 0.09‘
Leaves 1.6 Leaves/sediments3 1.8 0.124
Stems 1.5 Stems/sedimentsZ 1.7 0.1 14
N. odorata (1972)
Flowers 1.7 Flowers/sedimentsZ 1.7 0.1 14
Flower stalks 0.6 Flower stalks/sediments2 0.68 0.044
Leaves 1.7 Leaves/sediments2 1.9 0.134
Stems 0.1 Stems/sediments2 0.17 0.01‘
R. nymphaeae (aphid) 0.76 Insect/average plants3 0.46 0.034
Outlet water Not detected
Crustal material 9.6|
Notes: (1) References: Cowgill (1973), Taylor (1964). All data are dry weight.
(2) Sediments used in these calculations are those from which the macrophytes were harvested.
(3) Plants used in these calculations refer to leaves on which the aphid feeds.
(4) Reference element for the enrichment factor calculations is titanium. Thorium is not easily accumulated by
either plants or insects. Under these circumstances, radiation effects ofthorium on biota are reasoned to reflect
internal irradiance, and not accumulation in tissues.
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 TABLE 20
BIOACCUMULATION FACTORS FOR FISHES FROM LAKE HURON
FOR VARIOUS ASSUMED WATER CONTENTS OF TISSUES
Eleme Fish Flesh2 Water R R assuming 50% water R assuming 80% water
nt (mg/kg wet weight) (“g/L) content in ﬁsh ﬂesh content in ﬁsh ﬂesh
Ba 001710.014 14.21 1.1 1.2 2.4 12
Ca 3391416 25,640: 1942 13 26 130
Cr 0.053 :t 0.021 0.46 i 0.08 114 228 1140
Cs 0.011 t 0.006 0.001 10,800 21,600 216,000
Fe 4413.9 10.7107 415 830 4150
l 0.12 i 0.04 0.96 d: 0.09 6076 12,152 60,760
K 4071 i 485 670 :1: 130 62 124 620
La 0.00041 i 0.00024 0.005 t 0.001 52 104 520
Mg 257 :1: 37 5800 :1: 875 44 88 440
Mn 011$ 0.05 0.28 i 0.17 412 824 4120
Mo 0.0048 i 0.0021 0.41 i: 0.06 12 24 120
Na 407 i 162 1.40 i 0.23 146 292 1460
P 2374 t 270 8 i 5 29,600 59,200 296,000
Rb 6.3 d: 2.4 0.65 i 0.11 9724 19,448 97,240
Sb 0.0059 1 0.011 0.11 i 0.11 53 106 530
Sr 0.223 i 0.222 88 i 9 2.54 5.08 26
V 01010.04 0.56i 0.27 155 310 1550
Zn 3.9 i 0.9 0.72 i: 0.08 5510 10,200 102,000
Notes: (1) Data given in columns 1, 2, 3, and 4 are adapted from Table 3 ofreport WPTR No. 2719, Reducing the
Contribution ofthe Fish Pathway to 0515 1997 Annual Report (Contract Ofﬁcer: Lorna Chant). Values are means i
standard deviation ofthe results. Since most biological samples can have large variability in elemental composition,
reported standard deviations sometimes exceed the means. Such data indicate the data may be distributed “log
normally" instead of“normally."
(2) While only fish ﬂesh data are given herein, the referenced source ofthatdata suggest that the bioaccumulation
factors for Cs, K, Rb are the same for whole ﬁsh because these elements are uniformly distributed throughout the
specimens.
(3) The data indicate a rare observation of Sb in tissue and water. The referenced source indicates that Sb was not
detectable in whole-ﬁsh samples.
     
  
CONCLUDING REMARKS
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rep
ort
abi
lit
y o
f th
e T
ask
For
ce
was
tho
riu
m.
Mos
t o
f th
e re
mai
nin
g
isotopes covered are [3 emitters.
The
rep
ort
exa
min
ed
aqu
ati
c pl
ants
, z
oop
lan
kto
n,
and
a te
rres
tria
l in
sect
. A
ppr
opr
iat
e da
ta
for
ﬁsh
es
wer
e n
ot a
vai
lab
le,
alt
hou
gh
som
e m
ode
l a
nal
yse
s o
f ﬁs
h d
ata
sup
pli
ed b
y D
r.
Jac
k C
ome
tt
of t
he
Cha
lk
Riv
er
Lab
ora
tor
y in
Can
ada
giv
e a
pos
sib
le s
nap
sho
t as
to w
hat
bio
acc
umu
lat
ion
ﬁgu
res
mig
ht
be
for
ﬁsh
es.
In
add
iti
on,
sel
ect
ed ﬁ
sh
dat
a f
rom
Ont
ari
o H
ydr
o’s
nuc
lea
r p
owe
r s
tat
ion
s o
n t
he
Gre
at
Lak
es
wer
e a
vai
lab
le
for
40K
and
137C
s. F
rom
thes
e da
ta,
sele
cted
bio
acc
umu
lat
ion
fact
ors
wer
e su
gges
ted.
'
The
var
iou
s d
ata
str
ong
ly s
ugg
est
that
bio
acc
umu
lat
ion
wit
hin
fre
shw
ate
r f
ood
cha
ins
req
uir
es c
are
ful
stud
y.
The
beh
avi
or o
f ma
ny
ele
men
ts w
hic
h ha
ve r
adio
acti
ve i
soto
pes
of h
alf-
live
s gr
eate
r th
an 4
0 d
ays
is
ofte
n an
oma
lou
s an
d un
exp
ect
ed.
Man
y e
lem
ent
s pe
rfo
rm
thei
r ph
ysio
logi
cal
func
tion
as p
art
of
int
erc
onn
ect
ed
met
abo
lic
sys
tem
s,
and
the
ref
ore
, o
ne
mus
t e
xam
ine
the
beh
avi
or
of s
eve
ral
ele
men
ts
as a
suit
e
befo
re a
ssu
min
g th
at a
giv
en b
ioa
ccu
mul
ati
on
fact
or i
s ap
prop
riat
e.
Thi
s is
espe
cial
ly t
rue
whe
n us
ing
data
from marine species to make judgments about freshwater species.
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MEMBERSHIP OF THE NUCLEAR TASK FORCE
DR. MURRAY CLAMEN, CO-CHAIR, CANADIAN SECTION, INTERNATIONAL JOINT COMMISSION
Dr. Clamen is Secretary of the Canadian Section of the International Joint Commission (1]C) and is
responsible for the day-to-day operations and management of the Section. A registered professional
engineer, his expertise is in international water resource studies and environmental assessments. His career
has included experience in the private sector with consulting engineering and research ﬁrms in Quebec and
British Columbia and a total of 20 years in the Federal Public Service; 17 years with the IJC, and three with
Environment Canada. At the I]C he has provided technical and policy advice to the Commissioners on a
wide range of transboundary issues and participated in numerous Canada/US. studies and assessments.
DR. JOEL FISHER, CO-CHAIR, US SECTION, INTERNATIONAL JOINT COMMISSION
Dr. F isher’s environmental work began in the military service where he worked on programs to dissemble.
disarm and dispose of nuclear and chemical munitions. Later at the United States Environmental Protection
Agency he worked for several years on programs which addressed the environmental fate and behaviour of
pollutants in the emissions from fossil fuel and nuclear power plants. At the International Joint
Commission, he advises on the problems of environmental fate and behaviour of pollutants which have
transboundary implications.
DR. ROSALIE BERTELL, GNSH, INTERNATIONAL INSTITUTE OF CONCERN FOR PUBLIC HEALTH
Dr. Bertell has worked professionally in Environmental Epidemiology since 1968, serves on the Advisory
Boards for the Great Lakes Health Effects Program of Health Canada, and the Ontario Environmental
Assessment Board and has been a member of the IJC Science Advisory Board. She has published a
Handbookfor Estimating the Health Effects ofExposure to Ionizing Radiation and the popular non—ﬁction
book: No Immediate Danger: Prognosis for a Radioactive Earl/z, together with more than 100 other
publications.
DR. BLISS TRACY, HEALTH CANADA
Dr. Tracy heads a group on radiological impact at the Radiation Protection Bureau. He has carried out a
number of research projects on environmental radioactivity including the uptake of radiocesium in Arctic
food chains, uranium uptake and metabolism in humans, and radioactivity in Great Lakes ecosystems. Dr.
Tracy provides advice regularly toward environmental impact assessments of nuclear and radioactive waste
disposal facilities. He is also involved in planning for the Federal Nuclear Emergency Plan and is
contributing to the design of an international monitoring system for veriﬁcation of the Comprehensive Test
Ban Treaty.
MR. ROBERT KRAUEL, ENVIRONMENT CANADA
Mr. Krauel is manager of the Environmental Contaminants and Nuclear Programs Division in Environment
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